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Expression of accessory proteins during human immunodefiency virus-1 (HIV-1) life 
cycle is essential to ensure efficient viral replication and spread. Despite of being 
dispensable for HIV-1 infection of cell lines in vitro, use of primary target cells and in 
vivo experiments proved them to be critical key pathogenicity factors. Along with 
counteraction of restriction factors to facilitate immune response escape, they play an 
important role as manipulators of host cell fundamental biological processes to favor 
replication. This work focuses on the study of the accessory proteins. Both these 
proteins are known to strongly alter intracellular vesicular transport. As a consequence, 
the composition of the plasma membrane is modified upon their expression, a 
phenomenon studied in the first part of this thesis. Here, it has been demonstrated the 
specificity of the Nef- and Vpu-mediated downregulation of tetraspanins, the most 
drastically affected host receptors, and identification of molecular determinants of both 
proteins necessary for this activity was pursued. It was also studied the ability of Vpu to 
retarget the T lymphocyte master regulator Lck, a well described phenomenon induced 
by Nef. Another yet unstudied field for Vpu examined herein was the induction of 
extracellular vesicle release. This work revealed that Vpu, like Nef, enhances 
extracellular vesicle release when expressed by T lymphocytes with comparable or even 
higher efficiency. The second part of this thesis addressed the effect of these proteins on 
T cell polarity disruption in the context of T cell migration. Unlike Vpu, Nef has been 
reported to inhibit F-actin cytoskeleton rearrangements. This requires the interaction of 
Nef with PAK2 which facilitates a specificity switch of the host kinase resulting in 
hyperphosphorylation and thus inactivation of the actin severing factor cofilin. As a 
consequence, the motility of HIV-infected T lymphocytes is hampered. A previous 
report showed that in murine CD4+ T cells, the central Nef-mediated block in vivo and 
ex vivo is at the level of transendothelial and subendothelial migration. Whereas the 
latter is dependent on Nef-PAK2 on actin dynamics, the effect on transmigration 
involves other, yet uncharacterized protein interactions and is remarkably paralleled by 
a pronounced reduction of cell polarization. This thesis shows that Nef also hinders 
polarization of HIV-1 infected primary human CD4+ T lymphocytes. Vpu was entirely 
unrequired for this effect. Nef-expression in human T cell lines caused a marked 
polarization defect conserved among Nef proteins from HIV-1, -2 and simian 
immunodeficiency virus. The interaction surface of Nef with the Nef-associated kinase 
complex (NAKC) was found to be the essential molecular determinant for polarization 
disruption by Nef, both when overexpressed or in HIV-1 infection. Pharmacological 
inhibition of NAKC components evidenced the involvement of protein kinase C (PKC) 
in this Nef activity. This work also details setting up of experimental conditions to study 
the possible implication of this Nef amino acid stretch on transendothelial migration, 
that is on diapedesis ex vivo. Altogether, the results presented here underline the 
importance of the studied redundant functions between Nef and Vpu in HIV-1 infection 
and the relevance of these accessory proteins as pathogenicity factors. Also, they 
highlight the role of Nef as the main HIV-1 negative regulator of T lymphocyte 
migration.  





Die Expression akzessorischer Proteine während des Humanes Immundefizienz-Virus-1 
(HIV-1) Replikationszyklus ist essenziell für die effiziente Replikation und Verbreitung 
des Virus. Obwohl akzessorische Proteine bei der Infektion von Zelllinien in vitro nicht 
notwendig sind, zeigten Experimente mit primären Zielzellen und in vivo Versuche, 
dass diese Proteine kritische Faktoren der Pathogenese darstellen. Neben der Abwehr 
von Restriktionsfaktoren, um dem Immunsystem auszuweichen, spielen akzessorische 
Proteine eine wichtige Rolle bei der Manipulation essentieller biologischer Prozesse des 
Wirts, um die Virusreplikation zu unterstützen. Diese Arbeit behandelte die Rolle der 
akzessorischen Proteine Nef und Vpu mit genauerer Betrachtung ihrer gegenseitig 
redundanten Funktionen. Beide Proteine sind dafür bekannt, den intrazelluläre 
Transport zu verändern. Als Folge, wird die Komposition der Plasmamembran bei ihrer 
Exprimierung modifiziert, ein Phenomen, das im ersten Teil dieser Arbeit untersucht 
wurde. In diesem Teil wurde gezeigt, dass das Herunterregulieren von Tetraspanine, die 
am stärksten herunterregulierten Wirtsrezeptoren während einer Infektion, spezifisch 
durch Nef und Vpu vermittelt wird. Zusätzlich es wurde versucht, die molekularen 
bestimmenden Faktoren beider Proteine, die für diesen Effekt verantwortlich sind, zu 
identifizieren. Weiterhin wurde Vpu auf die Fähigkeit hin untersucht, den T-Zell-
Hauptregulator Lck umzuleiten, ein Phänomen dass für Nef bereits ausführlich 
beschrieben ist. Zusätzlich wurde in dieser Arbeit der Einfluss von Vpu auf die 
Vesikelfreisetzung untersucht, welches ein bislang unerforschtes Gebiet darstellte. 
Diese Arbeit zeigte, dass wenn Vpu in T-Zellen exprimiert wird, die Vesikel 
Freisetzung im verglich zu Nef-Exprimierung genauso oder sogar effizienter verstärkt 
wird. Im zweiten Teil der Arbeit wurde der Einfluss beider Proteine auf den 
Zellpolaritätsdefekt und dessen Auswirkung auf die Zellmigration untersucht. Im 
Gegensatz zu Vpu, es wurde berichtet, dass Nef kann die Umlagerung des Aktin-
Zytoskeletts weitgehend beeinträchtigen. Dafür wird die Interaktion zwischen Nef und 
der Wirtskinase PAK2 benötigt, was eine Veränderung der Spezifität dieser Kinase 
einleitet und mit einer Hyperphosphorylierung und Inaktivierung des 
Aktindepolymerisierugsfaktors Cofilin einhergeht. Dies führt zu einer beschränkten 
Motilität von HIV-infizierten T-Zellen. In CD4+ Mauszellen ist diese Blockade in vivo 
und ex vivo auf der Ebene der transendothelialen und subendotelialen Migration 
bemerkbar. Letztere ist abhängig von der Nef-PAK2 Interaktion und der damit 
verbundenen Beeinträchtigung des Aktin-Zytoskeletts, jedoch ist der Effekt auf die 
transendotheliale Migration von anderen Faktoren abhängig und geht 
bemerkenswerteweise mit einer ausgeprägten Inhibierung der Zellpolarität einher. 
Weiterhin konnte gezeigt werden, dass der negative Einfluss auf die Zellpolarität auch 
in HIV-1-infizierten humanen primären CD4+ T Zellen auftritt, dieser jedoch 
unabhängig von Vpu ist. Die Expression von Nef in T-Zelllinien zeigte einen 
ausgeprägten Defekt auf Ebene der T-Zellpolarität, der von HIV-1 und HIV-2, bis hin 
zu Simianes Immundefizienz-Virus konserviert war. Die Interaktionsoberfläche von Nef 
mit dem Nef-assoziierten Kinase-Komplex (NAKK), wurde als essentielle molekulare 
Determinante identifiziert, die für die Störung der Zellpolarität verwantwortich war. 




Dies konnte in HIV-1-Infektionsversuchen sowie durch die Überexpression von Nef 
bewiesen werden. Die pharmakologische Inhibierung von NAKK-Komponenten zeigte, 
dass Protein-Kinase C (PKC) bei diesem durch Nef hervorgerufenen Effekt beteiligt ist. 
Es wurde in dieser Arbeit zudem eingerichtet ein experimentelles System auf, welches 
den Einfluss der Aminosäurenabfolge der Interaktionsoberfläche von Nef mit NAKK 
auf die transendotheliale Migration ex vivo, vor allem während der Diapedese, testen 
lässt. Zusammengefasst zeigen die hier aufgeführten Ergebnisse die Bedeutung der 
redundanten Wirkweise der Proteine Vpu und Nef während der HIV-1-Infektion und 
der Relevanz dieser akzessorischen Proteine als pathogene Faktoren. Zusätzlich wird 
die Hauptrolle von Nef als wichtigster negativer Regulator der T-Lymphozyten-
Migration verdeutlicht.  
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1.1.1 General genomic features 
Retroviruses are a family of enveloped RNA viruses which share structural, 
composition and replication properties. They represent one the most broadly spread 
family of infectious factors in vertebrates, having been identified in all mammals’ 
species as well as some birds, reptiles and fish, and probably the most diverse (Coffin, 
1992). The retroviral virions are 80-100 nm in diameter and contain two identical copies 
of positive single-stranded, linear and non-segmented RNA genome which is 7-12 kb in 
size depending on complexity. The most exclusive characteristic of the retroviridae 
family of viruses is its replication strategy that comprises retrotranscription or 
conversion of the genomic RNA to double-stranded DNA and the subsequent 
integration of the synthesized DNA in the genome of the infected cell. The first one of 
these steps is possible thanks to a unique enzyme of this virus family after which they 
are named: the Reverse transcriptase (RT) or retrotrancriptase (retro, Latin for 
“backwards”) (Baltimore, 1970; Temin and Mizutani, 1970). The integrated DNA or 
provirus relies upon integration on the cellular machinery for its transcription and 
translation. All retroviruses contain common coding domains that encode for 
polyproteins: gag (for Group-specific antigen), encoding for the structural virion 
proteins matrix (MA), capsid (CA) and nucleocapsid (NC), pol, containing the 
expression sequence of the RT and integrase (IN) enzymes, and env, the transcription of 
which results in the expression of the viral envelope protein with its transmembrane 
(TM) and the surface (SU) components (Vogt, 1997). The latter represents the main 
differential feature of retroviruses from other retroelements (Kim et al., 2004) and is 
responsible of the recognition and initial interaction with the host cell. The expression 
of the viral protease (PR), necessary to cleave the polyproteins into mature proteins 
during the virion maturation process, follows a different scheme in different viruses.  
1.1.2 Classification of retroviruses 
Members of the family of retroviruses are categorized in two subfamilies according to 
their complexity: the orthoretrovirinae, including the genera alpha-, beta-, gamma-, 
delta- and epsilonviruses, as well as lentiviruses, and the spumavirinae, integrated by 
the single genus of spumaviruses (Table 1). The human and simian immunodeficiency 
viruses (HIV and SIV, respectively) are some of the most characteristic representatives 
of the lentiviruses genus which is characterized by their slow progression to disease 
(Lentus, Latin for “slow”).    
The integration of retroviral genomic sequences into the genome of cells of the germ 
line originated the so called endogenous retroviruses or inheritable retroviral elements 
(Escalera-Zamudio and Greenwood, 2016; Weiss, 2016). It is considered that 5-8 % of 
the genes in human genome derive from retroviral elements (Belshaw et al., 2004; 




Lander et al., 2001; Seifarth et al., 2005). Retroviral element derived-genes are involved 
in important physiological processes not only in humans but also in most vertebrate 
species like placenta formation, brain cognitive functions, immunity against 
retroelements and some fundamental biological processes such as cell proliferation, 
apoptosis and cancer (Naville et al., 2016). Upon infection exogenous can recombine 
with endogenous retroviral elements resulting in the activation of the latter, as observed 
for murine and feline gammaretroviruses (Rosenberg and Jolicoeur, 1997) or HIV (van 
der Kuyl, 2012; Vincendeau et al., 2015). The same has been described for human 
herpesviruses (HHVs) such as human cytomegalovirus (HCMV) (Assinger et al., 2013) 
or Epstein-Barr virus (EBV) (Brudek et al., 2008; Sutkowski et al., 2001).  
Subfamily Genus Example 
Orthoretrovirinae Alpharetrovirus Avian Leukosis Virus (ALV); Rous Sarcoma Virus (RDV); 
Moloney Murine Leukaemia Virus (MMLV) 
Betaretrovirus Mouse Mammary Tumor Virus (MMTV); Mason-Pfizer 
Monkey Virus (MPMV) 
Gammaretrovirus Murine Leukaemia Virus (MLV); Feline Leukaemia Virus 
(FLV) 
Deltaretrovirus Human T-cell Lymphotrophic Virus-1 and 2 (HTLV-1, -2) 
Epsilonretrovirus Walleye Dermal Sarcoma Virus (WDSV) 
Lentivirus HIV; SIV; Feline Immunodeficiency Virus (FIV) 
Spumavirinae Spumavirus Simian Foamy Virus (SFV);  Human Foamy Virus (HFV) 
Table 1.1: Classification of exogenous retroviruses.  
1.2 HIV and Acquired Immunodeficiency Syndrome (AIDS)  
In the early 1980s a list of opportunistic infections was described for groups of 
homosexual and intravenous-drug user patients (CDC, 1981; Gottlieb et al., 1981; 
Masur et al., 1981). This included Pneumocystis Carinii pneumonia, mucosal 
candidiasis and Kaposi’s Sarkoma, a rare type of cancer caused by human herpesvirus-8 
(HHV-8), and it was coupled to diminished total lymphocyte counts or lymphopenia 
and a reversion in the ratio of helper and cytotoxic T cells. The term AIDS was used to 
refer to the newly characterized clinical picture. Soon after, blood transfusion recipients 
were defined as a third risk group. With epidemic spread, AIDS became a major public 
health problem and affected people beyond the initially defined risk groups. Two years 
were needed until the causative agent of AIDS, a retrovirus later designated HIV, was 
discovered (Barre-Sinoussi et al., 1983; Gallo et al., 1984; Popovic et al., 1984). The 
authorship of this discovery remained subjected to a very polemic discussion. The 
discovery was awarded with the Nobel Prize in 2008 to the French researchers F. Barre-
Sinoussi and L. Montagnier, first and last authors of the original article published in 
1983.      
HIV infection and AIDS represents one of the largest and most lethal pandemics in 
history having claimed more than 34 million lives so far (WHO, 2015). By the end of 
2014 there were 36.9 million people living with HIV around the globe. Among those, 2 




million were newly infected in the course of that year. Access to antiretroviral therapy 
(ART) (See section 1.2.5) is increasing and 15.8 million people were under treatment as 
of June 2015, up from 13.6 million in June 2014 (UNAIDS, 2016). This resulted in a 
reduction in the number of people dying from AIDS-related illnesses from 2 million in 
2005 to 1.2 million in 2014, a 42% drop since the peak in 2004. Despite of the 
optimistic data, lack of access to ART is still a problem affecting millions of people 
especially in developing countries. The most affected area of the globe is Sub-Saharan 
Africa where 25.8 million people were living with HIV in 2014. This region also 
accounts for 70% of the total of new infection (WHO, 2015). Probably the most 
preoccupying piece of information is that worldwide only 54% of people infected by 
HIV know their status (UNAIDS, 2016; WHO, 2015). 
1.2.1 Classification 
HIV is the result of a zoonosis. It originated from simian immunodeficiency viruses 
(SIV) as a result of several cross-species transmissions (Sharp and Hahn, 2011). Most of 
those events resulted in viral strains that spread in humans to a certain limit. However, 
one of them occurring from chimpanzee subspecies Pan troglodytes troglodytes 
generated group M of HIV-1 (for “major”), which accounts for most of the infections 
worldwide (Gao et al., 1999; Keele et al., 2006; Sharp and Hahn, 2011; Van 
Heuverswyn and Peeters, 2007). Another two transmissions gave rise to the other two 
described groups of HIV-1: group N (for “no M, no O”) , transmitted from the same 
Chimpanzee subspecies as above (Gao et al., 1999; Keele et al., 2006; Sharp and Hahn, 
2011; Van Heuverswyn and Peeters, 2007), and group O (for “outlier”, transmitted from 
Gorilla (Sharp and Hahn, 2011; Takehisa et al., 2009; Van Heuverswyn et al., 2006; 
Van Heuverswyn and Peeters, 2007). Group M can be further subdivided in nine 
subtypes or clades (A-K). The genetic variability within clades ranges between 15-20% 
whereas between clades the range is >30% (Hemelaar et al., 2006; Korber et al., 2001; 
Luft et al., 2011). The most prevalent clade is C which accounts for 52% of the 
infections and is predominant in Southern and Eastern Africa and India. 12% prevalence 
corresponds to clade A which is mostly found in West Africa and Eastern Europe. Clade 
B with 10% prevalence is mainly distributed in Central and Western Europe, America 
and Australia (Hemelaar et al., 2006; Killian and Levy, 2011; Luft et al., 2011). 
Furthermore, over 45 circulating recombinant forms of HIV-1 have also been described 
to date (Luft et al., 2011). A second type of HIV, HIV-2, resulted from eight 
independent transmission events from monkey of the species sooty mangabey 
(Cercocebus atys) that generated the described groups A-H (Gao et al., 1992; Hirsch et 
al., 1989; Lemey et al., 2003). 
1.2.2 HIV-1 Genome and structure 
The HIV-1 genome spans approximately 10 Kbp and an infectious virion consists of 
two copies of positive single-stranded RNA comprising 9 open reading frames (ORFs) 
flanked by long terminal repetitions (LTRs). The ORFs encode 9 different proteins 
including the 3 characteristic retroviral polyproteins: Gag, Pol and Env (Figure 1.1A). 
Proteolysis of the latter 3 generates a total of 15 viral proteins, most of which form the 




125 nm-sized HIV-1 particles (Figure 1.1B and C) (Briggs et al., 2006). Viral assembly 
is largely driven by Gag and its isolated expression results in the release of 
noninfectious virus-like particles (VLPs) (Ganser-Pornillos et al., 2008; Schur et al., 
2015). PR-mediated cleavage of the multi-domain polyprotein Gag generates the 
structural HIV proteins MA, CA, NC and the small p6 protein (Sundquist and 
Krausslich, 2012). MA interacts with phospholipids to form a layer underneath the viral 
envelope, an essential phenomenon for the recruitment of Gag to budding sites (Briggs 
et al., 2009). The mature cone-shaped HIV-1 core is formed by roughly 250 CA 
hexamers and 12 pentamers distributed at each end of the cone, required for closure of 
the curved hexagonal lattice (Figure 1.1D) (Briggs and Krausslich, 2011; Ganser et al., 
1999; Li et al., 2000). This structure contains NC-coated genome (Briggs and 
Krausslich, 2011). P6 is required for the correct budding process and release of nascent 
virions facilitating the recruitment members of the endosomal sorting complexes 
required for transport (ESCRT) (Friedrich et al., 2016; Gottlinger et al., 1991). As a 
consequence of a ribosomal frame-shift with a frequency of ~5% the fusion protein 
Gag-Pol is synthesized (Biswas et al., 2004), PR-mediated processing of which results 
in the 3 viral enzymes PR, RT and IN. The first of them mediate proteolytic maturation 
of the Gag and Pol polyproteins. RT and IN are required for conversion of the viral 
RNA into double-stranded DNA and its integration in the host cell genome, respectively 
(Craigie and Bushman, 2012; Hu and Hughes, 2012). Finally, the Env polyprotein is 
cleaved by the host protease furin at the Golgi apparatus to originate glycoprotein (gp) 
120 and gp41 (Hallenberger et al., 1992). Both proteins form heterodimers which are 
located at the viral envelope, being gp120 exposed at its surface and gp41 spaning the 
lipid bilayer. This heterodimers in turn trimerize to form the so called HIV spikes. 
Besides the structural proteins, the HIV-1 genome encodes also 2 regulatory proteins, 
Tat and Rev (Cullen, 1991), and four accessory proteins, Vif, Vpr, Vpu and Nef (Figure 
1.1A) (for detailed information see 1.2.3 and 1.3, respectively). The expression of 
accessory proteins is characteristic of the complex retroviruses HIV and SIV that 
distinguishes them from other viruses of the same family. Initially thought to be 
dispensable for viral replication, as concluded from in vitro observations, they have 
been proven necessary for efficient infection in vivo. Critical roles have been described 
for these proteins not only as counteractors of host innate and adaptive antiviral 
responses but are also thought to favor viral pathogenesis by targeting bystander cells 
(see also 1.3) (Malim and Emerman, 2008; Seelamgari et al., 2004).    













1.2.3 Replication cycle of HIV-1 
The first phase of viral replication cycle is the entry, which begins with the adhesion of 
the virion to the host cell and ends with the fusion of the cellular and viral membranes 
with the release of the virion content into the host cell (Figure 1.2). A first contact 
between the virion and the host cell can result from unspecific interactions like that of 
Env with negatively-charged heparan sulphates proteoglycans (Saphire et al., 2001) or 
be the consequence of more specific interactions like that of Env with α4β7 integrin 
(Arthos et al., 2008; Cicala et al., 2009) or with pathogen associated molecular patterns 
(PAMP) receptors such as dendritic cell-specific intercellular adhesion molecule-3-
grabbing non-integrin (DC-SIGN) (Geijtenbeek et al., 2000). All these interactions 
mediated by attachment factors which are not indispensable for HIV-1 pathogenesis 
increase infection efficiency by bringing Env to the vicinity of the primary viral 
receptor CD4 and coreceptor (Orloff et al., 1991). The close proximity favors the 




interaction of both proteins in which the variable loop V3 of Env plays a critical role 
and it leads to several conformational changes in Env needed for the subsequent binding 
to the coreceptor (Chen et al., 2005; Hartley et al., 2005; Kwong et al., 1998). CCR5 
and CXCR4 are the two coreceptors of HIV-1 and the viral strains can be classified 
according to their coreceptor usage as R5 or X4 tropic viruses. There are viral strains 
which can use both correceptors and are therefore designed as dual or X4R5 tropic 
(Berger, 1998; Berger et al., 1998). Upon interacting with the coreceptor, the 
hydrophobic gp41 subunit of Env is exposed and gets inserted in the cell host 
membrane. After a series of conformational changes, this leads eventually to the 
formation of a fusion pore through which the viral conical core is delivered into the host 
cell cytoplasm (Melikyan, 2008). Despite the lack of dependence on low pH (Stein et 
al., 1987), it is still a matter of discussion whether internalization of the virion-receptor 
complexes is needed for fusion to occur as opposite to fusion at the cell surface (Daecke 
et al., 2005; Fackler and Peterlin, 2000; Herold et al., 2014; Miyauchi et al., 2009). It is 
becoming increasingly clear that both take place and that it depends on the cell type and 
virus type as well as the disease stage. 
Following fusion, the CA conical core structure of HIV-1 is released into the cytoplasm 
and subsequently disassembled releasing its content, a process known as uncoating 
(Figure 1.2). The mechanism as well as the precise location or timing of uncoating is 
not clear yet but it is thought to be a progressive multistep process and to be critical for 
further post-entry steps, i.e. reverse transcription and nuclear import (Dismuke and 
Aiken, 2006; Forshey et al., 2002). A partial disassembly of the viral core is enough for 
RT to start reverse transcribing the viral RNA into DNA (Peng et al., 2014). RT 
synthesizes dsDNA using the viral RNA genome as a template with an error rate of 1 x 
105, which account for one error per replication cycle (Abram et al., 2010)  The protein 
complex formed by the disassembling core, the viral RNA genome, RT, the nascent 
DNA and other viral as well as cellular factors is known as the reverse transcription 
complex (RTC) (Peng et al., 2014). This complex evolves into the preintegration 
complex (PIC) as reverse transcription is completed and it is translocated into the 
nucleus through the nuclear pore. This process is dependent on the viral CA and 
involves also proteins of the nuclear pore complex such as NUP358 (Schaller et al., 
2011). 
Once in the nucleus, the DNA is integrated in the cell host genome by the IN, a 
hallmark of retroviral infection. Integration takes place at the periphery of the nucleus 
and in the vicinity of a nuclear pore preferentially within actively transcribed chromatin 
(Marini et al., 2015; Schroder et al., 2002). In addition to IN, members of the NPC and 
other host factors such as LEDGF/p75 are required for this process (Koh et al., 2013; 
Marshall et al., 2007; Matreyek et al., 2013; Ocwieja et al., 2011; Shun et al., 2007). 
Unsuccessful integration results in the formation of defective LTR circles (Farnet and 
Haseltine, 1991). Two critical aminoacid residues involved in binding to the target 
DNA have been described for IN and mutations of those have been correlated to disease 
progression (Demeulemeester et al., 2014).  




After integration the provirus can enter latency (see 1.2.5) or undergo gene expression. 
The latter relies on the cellular transcription machinery and it is regulated by the viral 
factor Tat, which is expressed early. Activation-dependent host cell transcription factors 
NF-κB and NFAT are translocated into the nucleus and recruited to the viral promoter 
at the LTR (Nabel and Baltimore, 1987). The regulatory protein Tat binds to the TAR 
(transactivation responsive region) RNA element present at the HIV-1 leader sequence. 
This interaction leads to the recruitment of P-TEFb and other cellular elongation factor 
to the transcription complex increasing the efficiency of the process (Karn and 
Stoltzfus, 2012; Laspia et al., 1989). Viral genome transcription follows a complex gene 
expression pattern. Early completely spliced mRNAs encoding Tat, Rev and Nef are 
expressed in a short time interval following infection. Larger, incompletely spliced 
mRNAs which encode for Env and the accessory proteins Vif, Vpr and Vpu and full-
length, unspliced encoding for the polyprotein Gag-Pol also acting as the virion 
genomic RNA are transcribed only late after that (Karn and Stoltzfus, 2012). The 
unspliced mRNA which will constitute the virion genome and the incompletely spliced 
mRNA which encodes for the structural proteins is transported out of the nucleus in a 
Rev-dependent manner, to avoid the otherwise typical degradation of intron-containing 
transcripts (Sodroski et al., 1986). This requires a threshold level of the Rev protein 
(Pomerantz et al., 1992). Rev interacts with an elongated stem-loop RNA structure of 
the env gene termed Rev-responsive element (RRE) (Malim et al., 1989). 
Once in the cytoplasm, the viral transcripts are translated by the cellular machinery 
generating the viral proteins (Figure 1.2). The newly synthesized proteins localize then 
to specialized microdomains at the plasma membrane where assembly of the new virion 
progeny occurs (Sundquist and Krausslich, 2012). The Gag protein itself is able to 
mediate all steps of the virion assembly process. Its molecules arrange themselves 
underneath the plasma membrane inducing its curvature (Gottlinger, 2001). The amino-
terminal domain MA is responsible of binding to the plasma membrane and to recruit 
the Env protein, trimers of which form HIV-1spikes (Tang et al., 2004). The central 
domain CA mediates protein-protein interactions that stabilize the immature Gag lattice 
during assembly. Gag-Pol molecules are also recruited to the assembly site. The basic 
NC domain of Gag interacts with the genomic RNA via its two zinc finger motifs 
recruiting it to the assembly site (Sundquist and Krausslich, 2012). Finally the carboxy-
terminal domain p6 recruits several other viral factors. It also interacts with proteins 
from the ESCRT pathway namely Tsg101 and ALIX, which the virus hijacks to achieve 
budding of the viral particles (Bieniasz, 2006; Pornillos et al., 2003). During the 
budding process the viral PR gets activated, a key event for the subsequent maturation 
of the immature, non infectious released virions. Cleavage of Gag and Gag-Pol results 
in a reorganization of the internal protein structure and the formation of the conical core 
typical of fully mature, infectious virions (Briggs and Krausslich, 2011; Briggs et al., 
2009; Schur et al., 2015). 







The dynamics of the early steps of HIV-1 replication are cell type dependent and the 
differences in the published estimations may be due to variation in receptor and 
intracellular dNTP pool. Viral entry takes place <1-3 hours after exposure of cells to the 
virus (Fernandez-Larsson et al., 1992; Platt et al., 2005; Reeves et al., 2002), reverse 
transcription occurs in the following 6-48 hour (Collin and Gordon, 1994; Donahue et 
al., 2010; Kim et al., 2012; Murray et al., 2011; O'Brien et al., 1994) and integration 
takes place 5 hours after completion of reverse transcription (Donahue et al., 2010; 
Murray et al., 2011). Data derived from time-of-addition experiments show resistance to 
transcription inhibitors is acquired ~35 hours after infection (Lalonde et al., 2011; 
Tomaras et al., 2000). The kinetics of the late stages of HIV-1 replication cycle are 
poorly understood as compared to those of the early stages. This is mostly due to the 
inherent asynchrony in populations of infected cells. However, published data suggest a 
temporal gap of ~11 hours between integration and transcription of early genes, a 
smaller delay between early and late gene expression (~3h) and the need for another 6-
12h between late gene expression and new virions release (Holmes et al., 2015). The 
time required for a complete viral life cycle is estimated to be 48 hours and it 
interestingly matches to the lifespan of an infected cell in vivo (Dixit et al., 2004). 
1.2.4 Means of transmission and pathogenesis 
HIV is transmitted by sexual, percutaneous and perinatal routes (Cohen et al., 2011; 
Hladik and McElrath, 2008). The infection is nevertheless predominantly acquired via 
sexual exposure. This type of transmission accounts for 80% of the infections among 
adult people (Cohen et al., 2011; Sharp and Hahn, 2011). The squamous stratified 
epithelium of the vagina, ectocervix, male foreskin and the columnar epithelium of the 
endocervix and rectum constitute the entry path of HIV. Despite of a lower probability 
of effective HIV transmission than anal intercourse, vaginal sex accounts globally for 




most of the new HIV infections (Figure 1.3) (Hladik and McElrath, 2008). 
Nevertheless, the mucosa represents a high selective barrier to HIV transmission that 
results in an infection established by one single virus, the so called founder virus. CD4+ 
T cells are the main targets of infection by HIV. To a lesser extent the virus also infects 
cells involved in antigen presentation, including dendritic cells (DCs), monocytes and 
macrophages (Patterson et al., 1995; Stevenson, 2003; Vremec et al., 2000). All these 
cells express the virus receptor CD4 (Dalgleish et al., 1984; Klatzmann et al., 1984) and 
CC-Chemokine receptor-5 (CCR5) or CXC-Chemokine receptor-4 (CXCR4), that act as 
entry co-receptors for HIV-1 (Alkhatib et al., 1996; Choe et al., 1996; Deng et al., 1996; 
Dragic et al., 1996; Feng et al., 1996; Lee et al., 1999; Patterson et al., 1995; Vremec et 
al., 2000). Interestingly, the founder virus presents R5 or X4R5 tropism in the great 
majority of the cases (Keele et al., 2008). There are mainly two differentiated 
mechanisms for viral spread: cell-free and cell-cell. Direct cell to cell spread takes place 
via the formation of intercellular contacts known as virological synapses and it has been 
shown to have a higher efficiency in vitro (Chen et al., 2007). Eventually and making 
use probably of both these mechanisms, the virus disseminates through the blood stream 
causing a systemic infection.   
Figure 1.3 HIV‐1 early transmission events and spread. In women, vaginal sex transmission requires crossing of the 
squamous stratified epithelium of  the vagina or  the ectocervix or of  the columnar epithelium of  the endocervix. 
After establishing the first infection in a yet undetermined cell type, the virus reaches the draining lymph node from 
which  it disseminates via  the bloodstream  to  the  rest of  the organism. CNS,  central nervous  system; GALT, gut‐
associated lymphoid tissue.  (Fackler et al., 2014). 
 
Many aspects about the first transmission events remain yet unclear however. It is not 
yet known how the virus crosses the genital or rectal mucosal tract to reach the first 
target cell. It also remains unclear which target cell is infected by HIV in the first place 




and how. Another unanswered question in HIV pathogenesis is how the virus reaches 
the draining lymph node after local expansion at the mucosal tissue. DCs can also 
capture HIV virions and release them upon contact with CD4+ T cells resulting in the 
infection of the latter (Geijtenbeek et al., 2000; Izquierdo-Useros et al., 2014; Izquierdo-
Useros et al., 2012; Kwon et al., 2002; McDonald et al., 2003). This phenomenon is 
termed trans-infection and relies on the interaction of the virions with the sialic acid 
binding molecule Siglec-1 (Izquierdo-Useros et al., 2014; Izquierdo-Useros et al., 
2012). Whether it is a DC carrier cell or a migrating infected CD4+ T cell or 
macrophage that brings the virus to the lymphoid tissue, the outcome of this event is the 
efficient amplification of the infection due to the high target cell concentration. 
The course of HIV infection presents three stages (Figure 1.4). The first of them known 
as acute phase spans approximately 2 to 4 weeks after a person acquires the virus. 
Following transmission of the founder virus, HIV replication rapidly increases. Flu-like 
clinical manifestations are frequent during this phase including fever, headache and rash 
as a consequence of the innate immune response mounted with prominent induction of 
proinflammatory cytokines and chemokines. Viral load is high since viruses are 
spreading throughout the body and massive CD4+ T cell depletion occurs. Transmission 
of HIV can take place at any stage but the risk peaks at the acute infection phase. 
Typically between 1 and 3 weeks later the asymptomatic or chronic phase begins. As a 
response of the antiviral immune response, viral load decreases and the extent in this 
drop constitutes an important predictor factor for disease progression (Figure 1.4). 
During this stage HIV replication continues albeit at low levels. In parallel, immune 
activation drops although not reaching pre-exposure levels. This is maintained during 
the course of infection, establishing chronic immune activation. Simultaneously, a slow 
and progressive loss of CD4+ T cells takes place (Figure 1.4). In the absence of 
treatment, progression to the final phase, AIDS, occurs after 10 years in average. 
Diagnosis of AIDS is made when a person has CD4+ T lymphocyte counts lower than 
200 cell/mm3 and/or development of one or more AIDS defining illnesses. The latter 
include opportunistic infections and rare malignancies such as candidiasis, 
cytomegalovirus infections, Kaposi sarcoma, lymphomas, neuro-AIDS (a form of 
dementia in which HIV-infected microglia is dysfunctional), pneumocystis pneumonia 
and tuberculosis. Without treatment an AIDS-diagnosed person typically survives 
around 2 years. In some exceptional cases the progression rate to AIDS varies from the 
characteristic disease course exposed above. This is the case of rapid progressors, for 
which the chronic phase lasts about 2 to 3 years, and the long-term-non-progressors 
(LTNP), which are able to control viremia and maintain CD4+ T cell levels high in the 
absence of ART (Kumar, 2013). 




Figure 1.4 Clinical course of HIV‐1  infection  in  the absence of antiretroviral  treatment. Following  transmission 
and during the acute phase, the viral load, or viral RNA copies in plasma, increase rapidly and then drop as a result 
of the patient’s immune response to the so called set point. From then on and lasting years, viral load increases in 
parallel  to  the  loss  of  CD4+  T  cells  during  the  asymptomatic  phase,  a  phenomenon  specially marked  in  the 
gastrointestinal tract (GIT), until CD4+ T cell counts reach 200 which is the onset of AIDS. (Maartens et al., 2014). 
    
1.2.5 Immune response against HIV-1 
The immune system establishes responses against HIV-1 early after transmission which 
are maintained and develop during the course of the disease. The following provides 
some information of an investigation field of increasing relevance for HIV researchers 
and retrovirologists in general. 
1.2.5.1 Innate immunity 
The innate immunity accounts for the early, unspecific response to HIV-1 when 
adaptive immunity has not been mounted yet. Within minutes, the immune system is 
able to sense viral components and from other pathogens through pattern recognition 
receptors (PRRs), such as Toll like-receptors (TLRs), and PAMP receptors (Altfeld and 
Gale, 2015). Additionally, DNA sensors like gamma-interferon-inducible protein-16 
(IFI16) and cyclic GMP-AMP synthase (cGAS) contribute to HIV recognition at early 
stages (Gao et al., 2013; Jakobsen et al., 2013a; Sauter and Kirchhoff, 2016). These 
sensors generally activate signaling cascades leading to induction of interferon and 
proinflammatory cytokines and chemokines release, which in the HIV-1 infection 
scenario is termed “cytokine storm” due to the magnitude it reaches (Stacey et al., 
2009). As a consequence, an antiviral state is established by the expression of interferon 
induced genes (ISDs) and innate immune cells are recruited, respectively. The cytokine 
storm is secreted by natural killer (NK) cells, NKT cells, plasmacytoid dendritic cells 
(pDCs), monocytes, macrophages and CD4+ T cells.   
1.2.5.2 Intrinsic immunity 
HIV-1 specific restriction factors were typically categorized as part of the innate 
immunity. Unlike the prototypical innate immune players which induce an antiviral 
state through indirect mechanisms, restriction factors rather limit replication and spread 
in a direct, efficient way. For that reason they are now suggested to form an independent 




immune strategy against infection, the intrinsic immunity (Simon et al., 2015). The 
mediated block occurs throughout the HIV-1 replication cycle (Fackler, 2015). 
Individual steps restricted include early post-entry, where TRIM5α and Mx10 recognize 
and destabilize capsid cores (Kane et al., 2013; Stremlau et al., 2004), reverse 
transcription, interfered by apolipoprotein B mRNA editing enzyme, catalytic peptide-
like 3G (APOBEC3G) and SAM domain- and HD domain- containing protein 
(SAMHD-1) (Baldauf et al., 2012; Bishop et al., 2008; Hrecka et al., 2011; Laguette et 
al., 2011; Mangeat et al., 2003), virion production, where Schlaffen 11 restricts 
translation of viral mRNA (Jakobsen et al., 2013b; Li et al., 2012), virion release, 
blocked by tetherin (see ) (Neil et al., 2008; Perez-Caballero et al., 2009) and infectivity 
of release viral particles, affected by serine incorporator 3/5 (SERINC3/5) (see ) (Rosa 
et al., 2015; Usami et al., 2015). To overcome these host cell barriers, the virus has 
developed antagonists which establish a dose-dependent response against them. The 
accessory proteins of HIV-1 often act as counteractors of the restriction imposed by 
these molecules which typically involves direct interaction. In some cases, no 
counteraction has been yet found despite of extensive investigation. This is the case of 
TRIM5α, which is able to bind to incoming viral capsids and hamper the uncoating 
process and for which no antagonism by an accessory protein has been described to date 
and only mutations in the Capsid protein induce escape (Stremlau et al., 2004).       
1.2.5.3 Adaptive immunity 
After the initial unspecific response, a more specific and efficient one based on antigen-
recognition is established. This type of immunity presents the advantage of memory 
acquisition what makes it able to mount faster and stronger responses to the same 
antigen in the future. Memory development constitutes the foundation for vaccine 
development. The adaptive immune response comprises two interrelated strategies: the 
humoral response, or antibody production, and the cellular response. CD4+ T cells are 
necessary for the correct functioning of both components of the adaptive immunity and 
therefore the systematic depletion and impaired functionality of these cells developed 
upon HIV-1 infection results in a compromised performance (Iyasere et al., 2003; 
Kaufmann et al., 2007).  
Cytotoxic T lymphocytes (CTLs) are the major mediators of the adaptive cellular 
response and HIV-1-specific subsets are involved in the decline of viremia in plasma 
observed at the acute phase of infection (Koup et al., 1994). The selection pressure 
imposed by the CTL response leads at this stage to the establishment of a population of 
viruses known as the quasispecies, leading to escape to founder virus-specific CTLs 
(Keele et al., 2008; Koup, 1994). A proof of the relevance of CTL response in HIV-1 
infection is provided by the viral control observed for LNTP presenting some particular 
MHC-I alleles (Allen et al., 2005). HIV-1 has developed evasion mechanisms against 
recognition and lysis consequence of the CTL response which include the accessory 
proteins Nef and Vpu (Collins et al., 1998; Matusali et al., 2012; Schwartz et al., 1996; 
Shah et al., 2010). 




The humoral response is mediated by antibody producer cells or B cells. Despite of not 
being natural targets of HIV-1, these cells are dysfunctional in infected individuals and 
only small subpopulations are HIV-1-specific (Eriksson et al., 1995; Moir et al., 2001). 
While these subjects show increased antibody production or 
hypergammaglobulinaemia, the produced antibodies are polyclonal and present low 
affinity (Shirai et al., 1992). Broadly neutralizing antibodies (bNAbs) targeting several 
HIV-1 strains and quasispecies can be found in about 20% of the HIV-1 infected 
patients (Mikell et al., 2011); however they are effective only in 1% of them, the so 
called elite controllers (Mouquet, 2014).              
1.2.6 Therapy and challenges towards the cure of HIV-1 infection 
Treatment of HIV infection with antiretroviral therapy (ART) can reduce HIV-
associated morbidity, prolong survival and prevent HIV transmission 
(Antiretroviral_Therapy_Cohort_Collaboration, 2008; Palella et al., 1998; Vittinghoff et 
al., 1999). Sustained suppression of plasma viremia mediated by ART restores and 
preserves immune function with a certain recovery in CD4 T cell levels and may reduce 
also the chronic immune activation observed in HIV infected patients. Furthermore, it 
delays or prevents the development of drug-resistance mutations (O'Brien et al., 1996; 
Yamashita et al., 2001). Monitoring CD4 T cell counts and viral load in plasma is 
critical to identify ART response.  
Since the approval in 1987 of zidovudin (AZT), the first anti-HIV drug, more than 25 
antiretroviral agents belonging to six different mechanistic classes or families have been 
approved for the treatment of HIV infection (Table 1.2). The first drugs developed and 
approved targeted the viral RT. Due to the lack of proofreading activity of this enzyme 
and the subsequent high mutation rate but also to HIV’s high viral turnover and 
frequency of recombination, selective pressure is established among the viral 
populations present in a patient to escape the effect of the therapy (Santoro and Perno, 
2013). Drug resistance was the main cause of treatment failure until medicaments from 
two new families of antiretroviral drugs targeting the viral protease were approved in 
1995 and 1996. Since then, ART has been administered as a combination of drugs of 
different families including typically two nucleoside/nucleotide reverse transcriptase 
inhibitors (NRTI) and a third drug from one of the other families: non-
nucleoside/nucleotide reverse transcriptase inhibitors (NNRTI), protease inhibitors (PI), 
fusion inhibitors, entry inhibitors or integrase strand transfer inhibitors (INSTI). This 
combination ART (cART) is also known as high activity antiretroviral therapy 
(HAART) (Table 1.2). The list of antiretroviral approved drugs has not stopped 
growing. This constant development of new drugs is essential to maximize safety and 
tolerability while maintaining or improving clinical efficacy. Thanks to this, typically 
associated ART side effects in the 1980s and 1990s such as lipodystrophy, strongly 
linked to the social stigma, are now a problem of the past. The current international (e.g. 
WHO, 2016; URL: http://www.who.int/hiv/pub/guidelines/earlyrelease-arv/en/) and 
regional guides (e.g. federally approved HIV/AIDS medical practice guidelines 2016; 
URL: https://aidsinfo.nih.gov/guidelines) recommend starting treatment following HIV 




infection diagnosis regardless of the CD4 counts. This very recent update responds to 
the results obtained from the international study START (short for “Strategic Timing of 
Antiretroviral Treatment”) (Lundgren et al., 2015) and the study TEMPRANO 
conducted in Ivory Coast (Danel et al., 2015). Both studies provide the highest levels of 
evidence that early HIV treatment is associated with reduced frequency of primary 
outcomes (any serious adverse event -AIDS related or non-AIDS related- or dead). Still 
today, access to ART remains an important issue affecting ~56% of HIV infected 
population, especially in low-and middle-income countries.  
Drug Family Mechanism of Action FDA Approved Drugs 
Nucleoside/nucleotide 
RT inhibitors (NRTI) 
Nucleoside/nucleotide analogues lacking a 3'OH 
group incorporated into the viral DNA. Reverse 
transcription stops the impossibility of further 






RT inhibitors (NNRTI) 
Despite structurally diverse, they bind to the 








Fusion inhibitors Directly bind to gp41 and preventing 
conformational changes needed for fusion of 
cellular and viral membranes 
enfuvirtide (T-20) 
Entry inhibitors Interaction between gp120 and CCR5 is blocked maraviroc 
Integrase inhibitors Viral integrase is inhibited (3' processing of 
viral 
DNA and/or strand transfer), thereby preventing 




Table 1.2 Classification and pharmacological mechanism of antiretroviral drugs.  
Despite of the efficacy of HAART to control HIV infection, discontinuation of it results 
in a rebound of the viral load. The reason is the generation of a pool of latently infected 
cells or reservoir which cannot be targeted by ART due to lack of replication.  
Similarly, these latently integrated viruses remain invisible to the immune system. The 
site of integration, interaction with cellular factors and, epigenetics play a pivotal role in the 
establishment of latency (Lusic and Giacca, 2015; Siliciano et al., 2003). Post-integration 
latency occurs in resting (central or translational) memory CD4 T cells (Chomont et al., 
2009). The reservoir is established early during acute infection, likely within days 
following initial exposure (Chun et al., 1998a). Therefore, early initiation of HAART 
might contribute limiting reservoir size. These cells bearing the transcriptionally silent 
provirus are fully capable of generating infectious virions once they are reactivated by 
recall antigen or cytokines (Chun et al., 1998b). The frequency of latently infected 
resting CD4 T cells is 1 in 106 cells (Chun et al., 1997; Finzi et al., 1997; Wong et al., 
1997). However, the decay rate of the reservoir is so slow (half-life of latently infected 
cells is 43.9 months) that it was estimated it would take 73 years for ART to clear it 
(Siliciano et al., 2003). It has been later reported the existence of latent, replication-
competent proviruses in the reservoir not responding to PHA induction in viral 




outgrowth assays. Based on this, eradication of the reservoir would be much more 
challenging than initially thought (Ho et al., 2013). Evidence for the contribution to the 
residual plasma viremia by other source than resting CD4 T cells in patients under ART 
has been provided (Nickle et al., 2003; Ruff et al., 2002). However, no conclusive data 
about the identity of it could be obtained so far. 
Given the great obstacle latency represents towards HIV infection cure, eradicating the 
viral reservoir is now one of the priorities in this field (Katlama et al., 2013; Richman et 
al., 2009). The main strategy is to find a way to reactivate cells from the reservoir in 
patients under HAART. It is assumed that reversion of latency in these cells will lead to 
dead by the viral cytopathyc effects or due to recognition and killing by the patient’s 
CTLs (Hoxie and June, 2012). Cytokines such as IL-2 and anti-CD3 antibodies have 
been tested with no success (Chun et al., 2015; Davey et al., 1999). Agonists of PKC for 
downstream activation of NF-κB (Brooks et al., 2003; Jiang and Dandekar, 2015) or 
inhibitors of histone deacetylase (HDAC), shown to interact with 5’ LTR and induce 
latency (Jiang et al., 2007; Williams et al., 2006), have arose promising results in in 
vitro studies (Archin et al., 2009; Korin et al., 2002; Kulkosky et al., 2001; Lehrman et 
al., 2005; Williams et al., 2004; Ylisastigui et al., 2004). Interestingly, antigen-
stimulation of patient cytotoxic lymphocytes (CTL) prior to viral reactivation from the 
latent reservoir is essential for efficient killing of HIV-1 infected cells in vitro (Shan et 
al., 2012). This suggests a potential need for boosting patient CTL response in order to 
deplete the HIV reservoir. Targeting latent provirus in cells from the reservoir for 
excision has also been attempted. Delivery specificity represents the main limitation in 
this case (Ebina et al., 2013; Hu et al., 2014).  
The only case reported of HIV healing in history was that in 2009 of a patient with 
acute myeloid leukemia, the so called “Berlin patient” (Hutter et al., 2009). This patient 
received an allogeneic hematopoietic progenitor/stem cells transplant from a donor who 
was homozygotic for a 32 bp deletion in the CCR5 allele which confers immunity 
against HIV infection (Dean et al., 1996; Liu et al., 1996).  The CD4 counts of the 
patient recovered and the viral load remained undetectable following the transplant 
leading to discontinuation of HAART. No viral load rebound in plasma or in tissues was 
detected ever since and the size of the reservoir got reduced until becoming 
undetectable (Allers et al., 2011; Yukl et al., 2013). This case however has remained as 
unique. Similar attempts did not succeed due to viral tropism shift to X4 strain 
(Kordelas et al., 2014) or the patients died after the transplant (Passaes and Saez-Cirion, 
2014). As opposing to a sterilizing cure as that of the “Berlin patient”, a functional cure 
was reported for 14 patients from the so called VISCONTI cohort (for “VIrologic 
Sustained CONTrol after Treatment Interruption”). After a limited time of early 
treatment, they displayed undetectable viremia in plasma while still bearing latent 
provirus in their reservoir (Saez-Cirion et al., 2013). Other efforts included repression of 
viral gene expression by engineered zinc-finger transcription factors (Reynolds et al., 
2003), genetic manipulation of CD4 T cells to achieve resistance to infection, mostly by 
modification or knock-down of CCR5 (Didigu et al., 2014) or by transplantation of 




autologous cells redirected to target HIV or manipulated genetically to express antiviral 
molecules such as bNAbs or nucleic acids (Focosi et al., 2015).    
Development of a preventive vaccine is the main goal to achieve eradication given that, 
despite of the existence of effective therapies, more than half of the HIV-infected 
population worldwide does not have access to them. The discovery of HIV-1 specific 
bNAbs in LNTPs provided faith in the possibility of developing a vaccine which could 
induce its production. Before that all attempts to elicit protecting antibodies against 
Env, the only accessible protein on the viral surface, did not succeed due to the lack of 
broadly neutralizing capacity (Wang et al., 2015). Recent promising results derived 
form in vivo work on protection acquired upon passive transmission of bNAbs keep the 
hope on the potential of this strategy (Hessell et al., 2009; Pietzsch et al., 2012). A 
second direction towards the development of a vaccine aims at stimulating HIV-specific 
CTL response. A report showing this type of response in uninfected women highly 
exposed to HIV serves as a proof of principle supporting this idea (Rowland-Jones et 
al., 1995). Life-attenuated vaccines like MMR (measles, mumps, rubeola) are not 
pursued anymore due to safety concerns, despite of the induction of a potent immune 
cellular responses. As an alternative vaccines based on vectors such as canarypox or 
adenoassociated virus have and are currently being developed and they are able to elicit 
both cellular and humoral responses. The most promising results were obtained in a 
phase III clinical trial that combined two of these vaccines to achieve efficient delivery 
of gag, protease and env followed by two boost immunizations including env from 
another subtype. As a result, the HIV infection risk was reduced in a 31%. Interestingly, 
the successful results correlated with antibody-dependent cellular cytotoxicity rather 
than induction of neutralization. 
1.3 Accessory proteins of HIV-1 
Besides the prototypical lentiviral structural proteins Gag, Pol and Env and the 
regulatory proteins Tat and Rev, complex primate lentiviruses express so called 
accessory proteins with essential functions to ensure efficient viral replication, despite 
the misleading of their name. The terms accessory genes and proteins derive from initial 
reports describing that inactivation of these gene products in vitro had little or no impact 
on virus replication in continuous cell lines (Fan and Peden, 1992; Strebel et al., 1988). 
However, further research focusing on primary cells susceptible to HIV infection or on 
in vivo models dispelled the doubts concerning unneglectable relevance of the accessory 
proteins during the course of infection (Bour and Strebel, 2000). Primate lentiviral 
accessory proteins are Vif, Vpr, Nef and Vpu. While the first three are expressed by 
most HIV-1, HIV-2 and SIV strains, Vpu is only expressed by HIV-1 with the 
exception of SIVcpz and SIVgsn (Courgnaud et al., 2002; Huet et al., 1990). At each 
step of the viral cycle certain accessory proteins are expressed and, through the multiple 
functions exerted by them, these proteins contribute to achieve efficient viral infectivity 
(Nef and Vif), viral gene expression (Vpr) and optimal virion production (Vpu). Among 
others, one of the main functions attributed to lentiviral accessory proteins is to fine 
tune the interactions between the infected cells and the immune system facilitating 




escape to innate and adaptive immune responses. Often, that is driven by the 
counteraction of host cell barriers known as restriction factors which trigger those innate 
responses (Simon et al., 2015). One of the first restriction factors described was 
APOBEC3G, a cytidine deaminase which elevates the mutation rate during reverse 
transcription hampering viral replication (Bishop et al., 2004; Sheehy et al., 2002). HIV-
1 Vif promotes degradation of APOBEC3G and prevents its inclusion into nascent 
virions (Simon et al., 2015). Via counteraction of one or more unknown restriction 
factors, Vpr antagonizes restriction of Env expression in a macrophage-dependent 
manner (Collins et al., 2015; Mashiba et al., 2014). In the same cellular system, Vpr 
arrest cell cycle in G2 phase (Re and Luban, 1997). In addition, it activates the SLX4 
endonuclease complex with subsequent clearance of exogenous DNA resulting in the 
suppression of IFN type I production and hampering antiviral response (Laguette et al., 
2014). The following describes in more detail the accessory viral gene products Nef and 
Vpu as well as some of the cellular processes in which they interfere to enable optimal 
viral replication.        
1.3.1 HIV-1 pathogenesis factor Nef 
HIV-1 Nef is a 27-35 kDa myristoylated accessory protein synthesized early in the viral 
cycle by HIV-1, HIV-2 and SIV. The nef coding sequence appears at the 3’ end of the 
viral genome where it overlaps partially with the 3’ LTR. Despite of its low 
concentration and inactivation by the viral PR within the virions (Pandori et al., 1996; 
Welker et al., 1996), Nef is active at early infection stages and it has been shown to be 
transcribed and expressed even prior to integration of the provirus (Sloan et al., 2011; 
Wu and Marsh, 2003). Nef was initially described to have a negative impact on viral 
replication and transcription and thereby to be involved in establishment of latency, 
hence its name which stands for “negative factor” (Ahmad and Venkatesan, 1988; 
Cheng-Mayer et al., 1989; Luciw et al., 1987; Terwilliger et al., 1986). Results from 
other researchers however refuted these findings soon thereafter (Hammes et al., 1989; 
Kim et al., 1989). Also, in vivo studies showed how macaques infected with SIV 
harboring insertions or deletions in the nef gene abolishing expression of the protein led 
to a reduction in the viral pathogenicity and slower or no progression to 
immunodeficiency (Kestler et al., 1991; Whatmore et al., 1995). Furthermore, selective 
pressure established in the infected monkeys resulted in the reversion of the introduced 
mutations underlining the importance of the viral product Nef. There are also evidences 
of the importance of Nef for HIV pathogenesis and progression to AIDS in humans. The 
study of a cohort of LTNP patients who received blood or blood products transfusion 
from the same LTNP donor infected by an HIV-1 bearing deletions in the nef ORF and 
absence of other changes in the viral genome is one example of it (Deacon et al., 1995; 
Kirchhoff et al., 1995). Despite of having all remained asymptomatic during 10 to 14 
years after sero-conversion, some of these patients have eventually developed AIDS 20 
years after sero-conversion (Gorry et al., 2007), linking expression of the viral factor to 
high virulence and rapid disease progression while no absolute requirement of an intact 
nef ORF for the development of AIDS can be concluded. Adding up to these 
observations, studies using a transgenic mice model showed AIDS-like disease 




development and CD4 T lymphocyte depletion upon isolated Nef expression by CD4 T 
cells and cells of the macrophage/dendritic lineages (Hanna et al., 1998). Altogether, the 
previous studies demonstrate the critical role Nef plays as a pathogenicity factor during 
infection. While the direct mechanistic fundaments for that remain unclear, multiple Nef 
functions have been described in vitro which might contribute to the pathogenic 
outcome mediated by the accessory protein, namely interference with host cell vesicular 
transport, signal transduction and enhancement of virion infectivity (explained more in 
detail below). In the absence of enzymatic activity, Nef exerts all the above functions 
via specific protein-protein interactions with a large array of host cell factors. Motifs 
involved in many of these interactions have been described and they are present 
throughout the molecule. However, which of those motifs are relevant in vivo remains a 
conundrum. Crystal (Arold et al., 1997; Grzesiek et al., 1997; Lee et al., 1996) and 
NMR (Grzesiek et al., 1996a; Grzesiek et al., 1997) studies showed that Nef’s structure 
consists of a membrane anchor, a globular core and two highly flexible loops (Figure 
1.5). The N-terminal domain of Nef contains an SH4 domain (Geyer et al., 2001). This 
domain consists of a glycine in position 2 as part of the N-myristoylation consensus 
sequence MGxxx(S/T) with a tendency to find a lysine or arginine at positions 7 and/or 
8 (Resh, 1999). Nef myristoylation and subsequent interaction with cellular membranes 
is critical for all Nef described activities (Fackler et al., 2006; Giese et al., 2006; Guy et 
al., 1990; Kaminchik et al., 1994; Yu and Felsted, 1992). Residues from the two flexible 
loops are involved in transient interactions with proteins of the trafficking machinery 
relevant for downregulation of cell surface receptors such as CD4 and MHC-I (Atkins et 
al., 2008; Craig et al., 1998; Dikeakos et al., 2012; Greenberg et al., 1998; Lindwasser 
et al., 2007; Piguet et al., 2000; Ren et al., 2014; Rhee and Marsh, 1994). Interactions 
between Nef and signaling proteins containing SH3 domains or with p21-activated 
kinase (PAK) rely on residues of the central core (Geyer et al., 2001; Lee et al., 1996; 
Nunn and Marsh, 1996; Renkema et al., 1999; Sawai et al., 1994). 
 
Figure 1.5 Structure of HIV‐1 Nef.   Structural  representation of  full‐length Nef  is derived  from a NMR structure 
assemble. Three main domains can be distinguished (N‐t membrane anchoring domain, central core domain and C‐
t disordered loop) and functional motifs and interaction partners are indicated. Adapted from (Geyer et al., 2001). 




1.3.1.1 Enhancement of viral infectivity and replication 
Nef has been shown to induce a 3- to 10-fold increase in single-round infectivity assays 
when viruses containing the intact nef gene sequence were compared to viruses with 
disrupted nef genes including a Nef-deficient virus (ΔNef virus). This activity is 
dependent on Nef’s correct association with cellular membranes and its presence in the 
virus producer but not in the target cells, and due to enhancement of the intrinsic 
infectivity of the virions rather than an increase in the number of particles released 
(Aiken and Trono, 1995; Chowers et al., 1994; Miller et al., 1994; Pizzato, 2010; 
Schwartz et al., 1995b; Spina et al., 1994). Furthermore, it is evolutionarily conserved 
and maintained through high selective pressure during disease progression (Carl et al., 
2001; Munch et al., 2007). The identification of a Jurkat clone (Jurkat E6.1) for which, 
when used as virus producer cells, the Nef-mediated fold-change in infectivity rose up 
to 100 shed some light on our understanding of the molecular basis of Nef-induced 
boost of lentiviral infectivity (Pizzato et al., 2007; Pizzato et al., 2008). In this system, 
Nef effect on infectivity depended on the GTPase dynamin 2, clathrin and the adaptor 
complex AP-2, suggesting that Nef exploits the endocytic machinery of the host cell for 
this activity (Pizzato et al., 2007; Usami et al., 2015). Together with the requirement for 
functional clathrin-mediated endocytosis, the fact that this activity has been mapped to 
the PxxP, EEEE66-69 and Δ12-39 motifs, all of them relevant for vesicular trafficking, 
(Chowers et al., 1994; Fackler et al., 2006; Goldsmith et al., 1995; Pizzato et al., 2007) 
suggested that the observed effects of Nef on viral infectivity are exerted by 
counteracting a yet unknown restriction factor. Through two different experimental 
approaches (proteomics of virions produced in presence or absence of Nef or expression 
profiling of Nef-sensitive and Nef-insensitive producer cells (Fackler, 2015)), the 
Pizzato and Göttlinger laboratories identified two members of the SERINC protein 
family, SERINC3 and 5, as the responsible host cell restriction factors implicated (Rosa 
et al., 2015; Usami et al., 2015). Both these proteins are incorporated in significant 
amounts in released HIV-1 particles and the presence of Nef strongly reduced their 
incorporation. Parallel observations by the same authors regarding the cell surface 
expression levels and subcellular localization of SERINC3/5 in the presence of Nef 
indicate that the viral factor retargets them from the plasma membrane to a Rab-7 
positive compartment. Also, SERINC5 hinders virion fusion. The current model 
therefore is that the presence of SERINC3/5 on HIV virions impairs fusion to target 
cells and Nef counteracts this restriction by redirecting the host factors to an endocytic 
intracellular compartment reducing thereby their incorporation into budding viral 
particles (Fackler, 2015) 
1.3.1.2 Nef-mediated receptor downregulation: CD4 and MHC-I 
The best described in vitro Nef function is the modulation of the levels of cell surface 
receptors. This is thought to have a beneficial impact on infection by avoiding 
superinfection, mediate evasion of the immune response, or enhance virus release, thus 
generating the optimal scenario for viral replication (Landi et al., 2011). The main HIV 
receptor CD4 is found among the surface proteins downmodulated by Nef (Garcia and 




Miller, 1991). Nef causes a reduction in CD4 surface levels by mediating its 
internalization from the plasma membrane via clathrin-mediated endocytosis (Aiken et 
al., 1994; Chowers et al., 1994; Piguet et al., 1998). CD4 downregulation results in the 
reduction of superinfection, a phenomenon which may drive to premature cell death due 
to aggregation of non-integrated proviral DNA, as well as in the optimization of viral 
spread by preventing redundant infection (Benson et al., 1993; Michel et al., 2005; 
Wildum et al., 2006). Furthermore, it is thought to promote viral egress by avoiding 
interaction between newly synthesized gp120 and CD4 within the vesicular system prior 
to assembly of new virions (Willey et al., 1992b) or at the cell membrane where CD4 
can act as a “tether” for the budding virion progeny (Ross et al., 1999). However, this 
has only been shown for unphysiologically high levels of CD4. The molecular 
determinants defining this Nef activity are the myristoylation site needed for the 
interaction with cellular membranes (glycine in position 2) (Aiken et al., 1994; Peng 
and Robert-Guroff, 2001), the W61-62 motif necessary for the direct interaction with 
the cytoplasmic tail of CD4 (Grzesiek et al., 1996b) and the dileucin motif in the C-
terminal flexible loop (LL168/169) involved in the interaction with the clathrin adaptor 
AP2 required for CD4 targeting to lysosomal degradation (Craig et al., 1998; Ren et al., 
2014; Rhee and Marsh, 1994). The transport pathway that CD4-containing vesicles 
follow to encounter lysosomes is still unclear but it seems to follow the endosomal 
sorting complexes required for transport (ESCRT) pathway and to require interaction of 
Nef with TSG101 and Alix (Amorim et al., 2014; daSilva et al., 2009). Unlike in the 
case of CD4 where Nef mediates its internalization, Nef modulates the levels of most of 
the other targeted receptors by altering their anterograde transport. This is the way how 
Nef reduces the levels of major histocompatibility complex (MHC)-I what is needed to 
escape adaptive CTL responses (Collins et al., 1998; Schwartz et al., 1996). The 
absence of MHC-I at the plasma membrane is also sensed by the innate immune system 
through NK cells. To avoid NK cell-mediated killing, HIV-1 Nef specifically 
downregulates two of the isoforms of MHC-I, human leukocyte antigen (HLA)-A and -
B, but not HLA-C and -E (Cohen et al., 1999). The molecular mechanism of Nef-
mediated MHC-I downregulation relies on the interaction of the viral protein with the 
cytoplasmic tail of the cellular protein and the subsequent formation of a complex with 
the sorting molecules PACS-1 and -2 and the clathrin adaptor AP-1. All these 
interactions and complex formation lead to an interference with the anterograde 
transport of newly synthesized MHC-I molecules and their retargeting from the TGN to 
lysosomal degradation (Roeth et al., 2004; Williams et al., 2002). A second model 
suggests that mature MHC-I molecules are internalized from the plasma membrane and 
targeted to lysosomal degradation through an unclear mechanism (Pawlak and 
Dikeakos, 2015). The molecular determinants of Nef involved on MHC-I 
downmodulation are defined and include EEEE66-69 needed for the interaction with the 
PACS sorting adaptors (Atkins et al., 2008; Piguet et al., 2000), PxxP (80-83) and M20 
both involved in the interaction with AP-1 (Greenberg et al., 1998; Hung et al., 2007) 
(Dikeakos et al., 2012; Jia et al., 2012) as well as the myristoylation site G2 (Peng and 
Robert-Guroff, 2001). The HIV coreceptor CXCR4 is also downregulated from the cell 
surface by Nef and the motifs involved on this process are the ones involved on MHC-I 




downregulation. Therefore a similar mechanism has been proposed (Venzke et al., 
2006). Nef also mediates downmodulation of the other HIV coreceptor, CCR5, as well 
as other members of the family of the chemokine receptors (Michel et al., 2005; Michel 
et al., 2006). Downregulation of the correceptors CXCR4 and CCR5 takes place even 
before proviral integration (Sloan et al., 2010). The reduction in the expression of the 
HIV correceptors may contribute to prevent superinfection as well as to the impairment 
on T cell motility mediated by Nef (Venzke et al., 2006). The number of surface 
receptors and molecules described to be targeted by Nef for downregulation does not 
stop to grow (Haller et al., 2014). Also, the fact that whole protein families are 
susceptible to Nef effects and common motifs are responsible for this effect show that 
the effect of Nef is on general transport platforms rather than on single molecules.  
1.3.1.3 Modulation of T cell signaling by Nef 
T lymphocytes form transient interactions in which their TCR complexes recognize the 
antigens bound to MHC-II molecules on the surface of APCs. This leads to the 
formation of the so called immunological synapse (IS), a complex structure formed by 
signaling and intercellular adhesion molecules associated to a polymerized F-actin 
structure, which optimizes TCR signaling and leads to T cell activation (Alarcon et al., 
2011). Nef profoundly alters the signaling cascade downstream of the TCR in infected 
T lymphocytes as well as in cells expressing the viral factor alone. This is mediated via 
the interaction with several proteins of the TCR signaling cascade (Haller et al., 2006; 
Iafrate et al., 1997; Schindler et al., 2006; Schrager and Marsh, 1999). This way, Nef 
fine-tunes the degree of T cell activation favoring viral spread and replication. It has 
been reported that Nef induces T cell activation prior to proviral DNA integration by 
lowering the threshold for the TCR signaling cascade leading to efficient viral 
transcription (Abraham and Fackler, 2012; Baur et al., 1994; Wu and Marsh, 2001). On 
the other hand, TCR overstimulation can result in cell death (Arnold et al., 2006; 
Bourgeois and Stockinger, 2006). This phenomenon known as activation induced cell 
death (AICD) can also be prevented by Nef by interfering with IS formation. To study 
this in vitro, some of the features of IS formation can be reproduced by seeding T 
lymphocytes on anti-CD3 or anti-CD3/anti-CD28 antibody-coated surfaces (Fackler et 
al., 2007). On this artificial system, cells spread and form the characteristic actin ring 
and proximal TCR signaling can be detected by the formation of distinct signaling 
complexes or microclusters (MCs). On one hand, Nef inhibits formation of MCs 
positive for the signaling adaptor Src homology-2 domain-containing leukocyte protein 
of 76 kDa (SLP-76) to reduce the density of MC (Abraham et al., 2012). This results in 
a potent inhibition of the early TCR signaling events. Nef’s negative effects on the actin 
cytoskeleton organization are necessary but not sufficient to mediate the observed 
disruption. On the other hand, Nef retargets members of the TCR signaling cascade 
such as LAT or Lck to intracellular compartments (Abraham et al., 2012; Haller et al., 
2007; Haller et al., 2006; Pan et al., 2012). Unlike in the case of retargeting of LAT, 
which is consistent with disruption of early TCR signaling events, rerouting of Lck has 
been associated to the enhancement of distal TCR  signaling events. Lck is redirected 
and accumulated at early and recycling endosomes (RE) as well as at the trans-Golgi 




network (TGN) in a catalytically active, signaling competent conformation (Haller et 
al., 2007; Haller et al., 2006; Pan et al., 2013b; Pan et al., 2012; Thoulouze et al., 2006). 
The enrichment of active Lck at this compartments lead to activation of the RAS 
GTPase and ultimately to the activation of Erk kinase and production of IL-2 upon 
exogenous stimulation (Abraham et al., 2012; Haller et al., 2007; Haller et al., 2006; 
Keppler et al., 2006; Rudolph et al., 2009). Thereby, Nef induces paradoxal effects on 
TCR signaling potently inhibiting the early steps and enhancing downstream events. 
Furthermore, Nef from the non-pathogenic viruses HIV-2 and SIV are able to 
downregulate TCR-CD3. The lack of this activity in Nef from HIV-1 and HIVcpz has 
been linked high T cell activation levels and display of a virulent outcome of the 
infection with this viruses with (faster) progression towards AIDS (Munch et al., 2002; 
Rudolph et al., 2009; Schindler et al., 2006).  
1.3.1.4 Inhibition of actin dynamics by Nef 
1.3.1.4.1 The actin cytoskeleton 
The actin cytoskeleton consists of a highly flexible filament meshwork in constant 
remodeling that defines the inner structure and the outer shape of the cells. Regulated 
actin rearrangements ensure fundamental cellular processes such as cell migration, 
endocytosis and intracellular vesicle trafficking or cell division. Particularly, 
cytoskeletal reorganization plays a crucial role in multiple aspects of T cell function 
where it is involved in cell signaling, differentiation, adhesion, membrane reshaping and 
protrusion formation, molecular and morphological polarization, motility, immune 
synapse formation and activation, and execution of effector functions (Burkhardt et al., 
2008; Dupre et al., 2015; Samstag et al., 2003). Actin polymerization and 
depolymerization is tightly regulated by actin-binding proteins which act as nucleators 
as well as upstream promoting factors and regulators. The building block is the actin 
monomer or globular actin (G-actin). Double-stranded helical actin filaments are 
assembled when a critical concentration of ATP-bound G-actin is reached. Actin 
filaments are polar, meaning they have two differentiated ends: the fast-growing barbed 
ends (plus ends), where actin polymerization takes places, and the pointed ends (minus 
ends) where actin disassembly occurs (Dupre et al., 2015). Actin nucleators such as 
formins or the actin related proteins 2/3 (Arp2/3) complex are responsible of initiating 
polymerization, a thermodynamically disfavored process not taking place otherwise 
(Devreotes and Horwitz, 2015). While formins are able to promote de novo linear actin 
assembly or the elongation of existing filaments, Arp2/3 complex binds to preexisting 
filaments and induces formations of branches with an angle of 70º (Figure 1.6) (Insall 
and Machesky, 2009). Branching is crucial to achieve an elaborated actin filament 
network. Arp2/3 activity is regulated by proteins of the Wiskott-Aldrich syndrome 
protein (WASP) family and the WAVE family (Padrick and Rosen, 2010; Pollitt and 
Insall, 2009). Together with formins, the latter are regulated by small GTPases of the 
Rho family, including Rho, Rac and Cdc42 (Parsons et al., 2010). These proteins are 
active when bound to GTP and become inactive when the nucleotide is hydrolyzed to 
GDP. This inactivation process is catalyzed by GTPase activating proteins (GAPs) 




whereas activation by exchange of GDP for free GTP is mediated by guanine nucleotide 
exchange factors (GEFs) (Bos et al., 2007). Guanosine nucleotide dissociation inhibitors 
(GDIs) stabilize the inactive form of small GTPases. By being switched on and off, 
these proteins are able to modulate actin cytoskeleton spatially and temporally 
according to extracellular triggers. These proteins also regulate kinases such as p21-
activated kinase (Pak) or Rho kinase (ROCK) which are necessary for contractility and 
controlled severance of existing actin filaments (Bokoch, 2003). The latter process is 
absolutely necessary for rearrangements in the actin cytoskeleton upon a certain 
stimulus since de novo filament synthesis is a slow process which does not account for 
the required rapid responses. Fragmentation of existing filaments is mediated by the 
actin severing factor cofilin and provides new barbed ends for further polymerization 
and nucleation by Arp2/3 complex (Carlier et al., 1997; Ichetovkin et al., 2002; 
Ichetovkin et al., 2000; Lappalainen and Drubin, 1997). Cofilin induces also 
disassembly at the pointed end of actin filaments by targeting ADP-bound actin 
molecules. Profilin induces nucleotide exchange and regenerates ATP-bound actin 
monomers that can be used for polymerization at the barbed end (Dupre et al., 2015; 
Wolven et al., 2000). Both cofilin and profilin are then essential to ensure rapid actin 
dynamics. Phosphorylation of cofilin at a serine residue at position 3 mainly by Lim 
Kinase (LIMK) downstream of PAK and ROCK leads to its reversible inactivation 
(Bernstein and Bamburg, 2010). Capping proteins prevent actin monomer association or 










1.3.1.4.2 Nef interferes with actin dynamics 
HIV manipulates the actin cytoskeleton of the host cell to its own benefit during several 
steps of the viral cycle including entry into, trafficking within and egress from infected 
cells (Fackler and Krausslich, 2006). In this context, many viral factors have been 
shown to interact with components of the actin cytoskeleton. Among them Nef plays a 
central role as a master inhibitor of actin rearrangements (Fackler and Krausslich, 2006; 
Stolp and Fackler, 2011). HIV-1 Nef is long known to associate with actin (Fackler et 
al., 1997; Niederman et al., 1993). Nef was reported to interact with the GEF Vav 
leading to its activation and ultimately to F-actin depolymerization (Fackler et al., 
1999). Further investigations showed that Nef-mediated effects on actin dynamics were 
dependent on its interaction with the cellular kinase Pak 2 in the context of a labile 
multiprotein complex together with the GEF Vav and the small GTPases Rac and 
Cdc42 (Haller et al., 2006; Nunn and Marsh, 1996; Rauch et al., 2008; Renkema et al., 
1999; Stolp and Fackler, 2011). Despite of being transient and of very low affinity, the 
interaction between both proteins reprograms the substrate specificity of the kinase 
towards the non natural substrate cofilin. Following dissociation of the complex, Pak 2 
phosphorylates cofilin what renders the actin severing factor inactive resulting 
ultimately in a reduction of actin turnover (Stolp et al., 2009). Nef and Pak 2 interact via 
a hydrophobic patch in Nef consisting of several aminoacids but mutation of one single 
residue, F195 in SF2 Nef (F191 in NL4-3 and NA7 Nef), has proven to disrupt 
association of the protein (O'Neill et al., 2006; Rauch et al., 2008).   Nef-Pak 2 
interaction as well as the effects on actin dynamics are conserved among SIV, HIV-1 
and HIV-2 Nef proteins (Rudolph et al., 2009; Stolp et al., 2010). Besides F195/191, 
additional motifs involved in other functions of Nef are also important for Nef-Pak 2 
association. Membrane association via G2 myristoylation and targeting to lipid rafts 
where Pak 2is recruited via K4K7 are both needed for the interaction (Krautkramer et 
al., 2004). Integrity of the acidic stretch EEEE66-69 is also required (Baugh et al., 2008; 
Haller et al., 2007; Stolp et al., 2010; Stolp et al., 2009). The PxxP motif is also 
involved in the outcome of the interaction between Nef and Pak 2 since it is necessary 
for the recruitment of Vav, upstream activator of the kinase via Rac and Cdc42 (Fackler 
et al., 1999; Rauch et al., 2008). The PAK 2 interaction surface of Nef was thought to 
be exclusively involved in the interaction between both proteins until recently. The 
exocyst complex (EXOC), an octameric protein complex implicated in vesicular 
trafficking and actin remodeling, has been shown to interact with Nef via the Pak 2 
interacting domain (Mukerji et al., 2012). Mutational, biochemical and functional 
analysis of its interaction with Nef proved that interaction of Nef and Pak2 is essential 
to induce the recruitment of EXOC which, after dissociation of Pak 2 from the complex, 
remain stably associated to the viral factor. Despite of being dispensable for other 
activities like Nef-Pak 2 downstream functions and interference of intracellular 
trafficking, Nef-EXOC complex is necessary for TCR-induced actin remodeling 
inhibition by Nef in the context of IS formation (Imle et al., 2015). This adaptor 
function of PAK2 for the recruitment of EXOC is independent of the other described 
PAK2 activities.              




1.3.2 Viral protein U of HIV-1 (Vpu)      
HIV-1 Vpu is a 16 kDa, integral type I transmembrane (TM) protein encoded by the 
pathogenic viruses HIV-1 and some related SIV strains, but absent in the less or non 
pathogenic viruses HIV-2 and other SIVs (Cohen et al., 1988; Courgnaud et al., 2002; 
Gonzalez, 2015; Huet et al., 1990; Maldarelli et al., 1993; Strebel et al., 1988). As 
observed for Nef, macaques infected with Vpu deficient hybrid HIV-SIV viruses 
(SHIV) displayed a 10- to 100-fold reduction in viral titers in plasma as compared to wt 
SHIV (Hout et al., 2005). Also, recent studies have proven the relevance of Vpu during 
early HIV-1 spread during acute infection in humanized mice models (Dave et al., 2013; 
Sato et al., 2012). Vpu is expressed from a bicistronic mRNA that encodes as well for 
the Env protein. As a result both proteins are produced late in the viral life cycle in a 
coordinated manner (Schwartz et al., 1990).  The translated product has about 81 amino 
acids (aa) and consists of a short luminal domain and unknown function, a single α-
helical TM domain and cytoplasmic tail (Figure 1.7) (Sugden et al., 2016). The TM 
domain with 23 aa enables the viral protein to form supramolecular complexes by 
homooligomerization or by interaction with other proteins (Gonzalez, 2015). The 
cytoplasmic domain is 56 aa long and comprises a flexible hinge region proximal to the 
plasma membrane followed by two α-helices (H1 and H2) flanking a linker region 
containing a highly conserved double-serine motif (positions 52 and 56). The 
subcellular localization of HIV-1 Vpu varies with the different clades. Vpu from clade 
B localizes preferentially at the TGN while Vpu from clade C is also present at the 
plasma membrane (Pacyniak et al., 2005). 
Figure 1.7 Structure of HIV‐1 Vpu. The Vpu protein presents a short N‐t tail facing the ER lumen, a TM domain and a 








1.3.2.1 CD4 downregulation by HIV-1 Vpu        
CD4 downregulation by HIV is a relevant phenomenon for virus replication and spread. 
An evidence for it is that several viral proteins contribute to this activity this activity: 
Nef, Vpu and Env (Wildum et al., 2006). The strongest downregulation effect is 
mediated by Nef which is capable of inducing CD4 internalization and degradation 
(Aiken et al., 1994; Chowers et al., 1994; Piguet et al., 1998). On the other hand, Vpu 
and Env block transport of newly synthesized CD4 molecules to the plasma membrane 
(Willey et al., 1992a). Vpu targets molecules of the receptor at the endoplasmic 
reticulum (ER) to the ER-associated degradation (ERAD) pathway (Binette et al., 2007; 
Magadan et al., 2010; Schubert et al., 1998; Willey et al., 1992a). Following the 
interaction of both proteins through their cytoplasmic tails (Bour et al., 1995), the SCF 
E3 ubiquitin ligase adaptors beta-transducin repeats-containing proteins (β-TrCP) -1 and 
-2 are recruited to the complex leading to subsequent recruitment of SCF complex. 
Interaction between Vpu and β-TrCP requires integrity of the canonical sequence 
DSGXXS of Vpu and phosphorylation of its two serine residues at positions 52 and 56 
(Margottin et al., 1998; Schubert et al., 1994). This ultimately results in the 
serine/threonine-dependent polyubiquitination of the cytoplasmic tail CD4 (Binette et 
al., 2007; Magadan et al., 2010; Schubert et al., 1998), but not Vpu (Schubert and 
Strebel, 1994), promoting recruitment of the VCP-UFD1L-NPL4 dislocase complex, a 
late stage component of the ERAD pathway, and relocalization of CD4 from the ER to 
the cytoplasm where they are finally delivered to the proteasome for efficient 
degradation (Binette et al., 2007; Magadan et al., 2010; Schubert et al., 1998). 
1.3.2.2 Counteraction of BST-2/tetherin/CD317 by Vpu 
Another well described effect of HIV-1 Vpu is the mediation of efficient virion release 
from infected cells (Klimkait et al., 1990; Strebel et al., 1989; Terwilliger et al., 1989). 
It was observed that following infection with a Vpu deficient virus the newly produced, 
budding viral particles remain associated to the surface of infected cells and 
accumulated at endosomal compartments (Neil et al., 2006). Previous reports showed 
that this impairment was cell specific (Geraghty et al., 1994; Sakai et al., 1995). 
Furthermore, it was later described that this restriction could be induced in permissive 
cells by Interferon (IFN)-I treatment (Neil et al., 2007). These findings suggested the 
presence of a cell-type specific restriction factor responsible for the observed 
“tethering” of new virions on the surface of infected cells. The search led to the 
discovery of tetherin (also known as bone marrow stromal cell antigen 2 (BST2) or 
CD317) as the IFN-I-inducible molecule mediating virion retention (Neil et al., 2008; 
Van Damme et al., 2008). Tetherin is a type II integral transmembrane protein which is 
present at the plasma membrane and also at the TGN and recycling compartments. From 
the structural perspective, it consists of a short cytoplasmic tail with a conserved 
dityrosine trafficking motif (YDYCRV), a membrane spaning α-helix and a 
predominantly α-helical luminal domain with a glycosylphosphatidylinositol (GPI) 
membrane anchor at the C-terminal end (Arias et al., 2011; Kupzig et al., 2003). This 
peculiar topology enables tetherin to perform its virion retaining function as part of the 




innate antiviral immune response. This occurs through the incorporation of one its 
membrane anchors into the membrane of the virion, with a preference to be this the GPI 
anchor (Venkatesh and Bieniasz, 2013), while maintaining the other membrane anchor 
into the plasma membrane of the producer cell (Lehmann et al., 2011; Perez-Caballero 
et al., 2009). HIV-1 Vpu was thought to counteract tetherin by interfering with its 
anterograde transport to the plasma membrane (Dube et al., 2009; Schmidt et al., 2011). 
For this, both proteins directly interact at the TGN through their respective TM domains 
(Dube et al., 2010b; McNatt et al., 2013) with the subsequent sequestration of tetherin at 
this level. This interaction is essential for counteraction and relies on the A10, A14, A18 
and W22 residues of Vpu, which form a hydrophobic rim within the membrane spaning 
region (Skasko et al., 2012; Vigan and Neil, 2010). Subsequently, Vpu mediates 
targeting of tetherin to proteasomal degradation through the endosomal sorting complex 
required for transport (ESCRT) pathway (Janvier et al., 2011). This requires recruitment 
of the β-transducin repeats-containing protein (β-TrCP)-2 subunit of the SCFβ-TrCP-1/2E3 
ubiquitin ligase and therefore the integrity of the conserved diserine β-TrCP-binding 
motif (S52,56) (Douglas et al., 2009; Mitchell et al., 2009). SCFβ-TrCP-1/2E3 ubiquitin 
ligase ultimately mediates direct ubiquitination of tetherin and degradation in the 
lysosomes (Gustin et al., 2012; Tokarev et al., 2011). Vpu-mediated tetherin 
counteraction has been linked to its downregulation form the host cell surface. 
However, tetherin antagonism has been observed in the absence of downregulation 
(Miyagi et al., 2009). Furthermore, β-TrCP recruitment and tetherin degradation can be 
decoupled from the antagonism of tetherin by Vpu (Dube et al., 2010b; Mitchell et al., 
2009; Schmidt et al., 2011; Tervo et al., 2011). The facts that Vpu blocks anterograde 
transport of newly-synthesized tetherin as well as the transport of recycling tetherin 
molecules to the plasma membrane (Dube et al., 2011; Schmidt et al., 2011), that Vpu 
antagonism of tetherin strongly depend on clathrin (Kueck and Neil, 2012; Lau et al., 
2011) and that Vpu can interact with adaptor proteins AP-1 and AP-2 (Jia et al., 2014; 
Kueck et al., 2015), have led to a new mistrafficking model. In this new model Vpu 
mediates sequestration of tetherin at clathrin-rich areas of endosomes at the TGN by 
hijacking AP-1-dependent membrane trafficking where the cellular protein is eventually 
targeted to β-TrCP-dependent degradation. Consistently with this model, it has been 
also reported that Vpu displaces tetherin from virion assembly sites (McNatt et al., 
2013). Recently Pujol et al. have shown that interference with recycling or anterograde 
transport is not sufficient for counteraction of tetherin-mediated restriction by Vpu and 
tetherin displacement from assembly sites is strictly dependent on the tetherin- and AP-
1-binding motifs and correlates to viral particle release antagonism (Pujol et al., 2016). 
Inhibition of AP-1 or a reduction in its expression confirmed these results. In sum, Vpu 
blocks tetherin-mediated viral release restriction by preventing its recruitment to the 
assembly sites of nascent viral particle in an AP-1-dependent manner. 
Besides its virion “trapping” function, tetherin also acts as an innate viral sensor by 
mediating activation of nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB) resulting in antiviral gene expression by the host cell (Galao et al., 2012; 
Tokarev et al., 2013). Mechanistically, the sequestration of virions on the surface of the 




infected cell leads to the formation of tetherin dimer clusters and tyrosine-dependent 
phosphorylation at the cytoplasmic tails. This is the trigger for intracellular signaling 
that proceeds by the recruitment of spleen tyrosine kinase (Syk) and ultimately causes 
activation of NF-κB which is translocated into the nucleus where it induces 
proinflammatory gene expression (Galao et al., 2014). By counteracting virus retention 
on the plasma membrane Vpu avoids tetherin-triggered signaling and immune 
recognition of the infected cells. In addition, it has also been reported that Vpu is able to 
stabilize IκB, the NF-κB regulator which interferes with its translocation, resulting in 
the sequestration of the p65 subunit of NF-κB in the cytoplasm (Sauter et al., 2015). 
HIV however depends on NF-κB activation for viral gene expression and its genome 
contains two NF-κB binding sites at the 5’LTR (Nabel and Baltimore, 1987). Given the 
ability of Nef to induce activation of the transcription factor, it has been proposed that 
Nef acts on NF-κB activity early in the replication cycle promoting its activation and 
viral gene transcription and Vpu inactivates it at late stages to prevent immune detection 
of infected cells (Sauter et al., 2015). 
1.3.2.3 Other Vpu functions: ion channel and proapoptotic factor   
Given the structural similarities between Vpu and the M2 ion channel protein of 
influenza virus, it was hypothesized that homooligomerization of Vpu could result in 
the formation of membrane pores (Maldarelli et al., 1993). Further in vitro 
experimentation with artificial lipid bilayers confirmed that Vpu indeed forms selective 
ion channels for monovalent cations like sodium and potassium (Ewart et al., 1996; 
Schubert et al., 1996). It was thereby suggested that this activity could be required for 
its effects on viral release. Despite a discrete number of in vitro and in vivo studies were 
consistent with this hypothesis (Herrero et al., 2013; Hout et al., 2005; Hsu et al., 2010), 
more recent studies argue against this based on the fact that mutations which disrupt ion 
channel activity (e.g. S23A or S23L) do not affect virus release enhancing and 
mutations that affect virus release (e.g. A14N or A18N) retained ion channel activity 
(Bolduan et al., 2011; Kuhl et al., 2011; Mehnert et al., 2008; Skasko et al., 2011). 
Thus, HIV-1 Vpu possesses a viroporin activity for which a clear biological function 
has yet to be revealed.  
As discussed above, HIV-1 Vpu is able to deregulate NF-κB by preventing 
phosphorylation at serine residues and β-TrCP-dependent subsequent proteasomal 
degradation of its natural inhibitor IκB (Sauter et al., 2015). The consequences of 
inhibiting a central transcription factor such as NF-κB can be very important since it has 
been shown to be involved in the expression of key cellular genes for cell proliferation, 
cytokine induction and apoptosis (Barkett and Gilmore, 1999; Pahl, 1999). 
Consequently, Vpu-mediated inhibition of NF-κB in HIV-1 infected cells potentially 
can play a role in the induction of apoptosis in these cells (Badley et al., 2000; Casella 
et al., 1999). This idea was strongly supported by a study in Jurkat T cells which 
displayed two-fold increase in apoptosis levels when infected with a Vpu-deficient virus 
as compared to wt HIV-1-infected control cells. This effect was dependent on the 
inhibition of NF-κB-dependent expression of antiapoptotic genes such as the Bcl2 




family proteins resulting in an increase in the levels of the apoptosis-inducer caspase-3               
(Akari et al., 2001).  
1.3.3 Overlap in functions exerted by Nef and Vpu 
Despite of the fact that HIV-1 both factors are very distinct in regard to their sequence, 
structure, organization of their domains and membrane topology, the accessory proteins 
Nef and Vpu carry out redundant functions. As mentioned above, the downmodulation 
of CD4 levels from the plasma membrane is the best example. By doing so, they 
prevent superinfection and premature death of infected cells and optimize viral egress 
and spread (Benson et al., 1993; Michel et al., 2005; Wildum et al., 2006; Willey et al., 
1992b). Both proteins downmodulate other surface receptors and molecules from the 
plasma membrane of infected cells such as MHC-I, CD1d and poliovirus receptor 
(PVR) (Chen et al., 2006; Kerkau et al., 1997; Matusali et al., 2012; Moll et al., 2010; 
Schwartz et al., 1996). A particular case is that of the restriction factor 
tetherin/CD317/BST-2. As described previously, counteraction of the antiviral effect of 
this molecule is a well-described activity of Vpu and it is thought to be the result of the 
displacement form the virion assembly sites (McNatt et al., 2013; Pujol et al., 2016) 
and, at least in part, of a block in the anterograde transport of newly synthesized as well 
as recycling tetherin molecules leading eventually to proteasomal degradation (Douglas 
et al., 2009; Mangeat et al., 2009; Neil et al., 2008). However, recent studies showed 
that in viruses lacking the vpu gene Nef was able to perform such activity (Zhang et al., 
2009). In vpu-deficient viruses tetherin is counteracted by Nef and this activity was 
overtaken by Vpu in those viruses that incorporated the vpu gene. Exceptions to this are 
the HIV-1 precursors SIVcpz and SIVgor which, despite of encoding the Vpu protein, 
express Nef proteins able to counteract tetherin albeit with poor activity (Sauter et al., 
2009). In humans, tetherin is insensitive to Nef due to a 5-aminoacid deletion which 
represents an interspecies transmission barrier (Sauter et al., 2009). Nevertheless, 
likewise SIVcpz and SIVgor Nef proteins, the HIV-1 group O Nefs are able to 
counteract tetherin despite of the expression Vpu by these viruses (Kluge et al., 2014).  
Another function in which both Nef and Vpu play key roles and is also partially linked 
to their ability to downregulate proteins from the cell surface is the evasion of innate 
immune response mediated by natural killer (NK) cells. NK cells as well as other cells 
of the lymphoid lineage namely monocytes and neutrophils posses so called Fc 
receptors on their surface (FcγRIIIa; CD16) which recognize and bind the crystallizable 
(Fc) region of antibodies coating the surface of APCs. Recognition leads to the 
activation of their cytolitic activity and the killing of the antibody-coated APCs. This 
process is commonly known as antibody-dependent cell-mediated cytotoxicity (ADCC) 
(Scully and Alter, 2016). The extent of the ADCC response depends on the antigen 
being recognized by the antibodies coating the APCs (Rolland et al., 2012). Recently, 
gp120-CD4 interactions have been linked to anti-HIV mediated ADCC by NK cells 
(Smalls-Mantey et al., 2013). The interaction facilitates exposure of an epitope in gp120 
which is preferentially recognized by non-neutralizing antibodies which mediate ADCC 
(Bonsignori et al., 2012; Ferrari et al., 2011; Veillette et al., 2014; Wyatt et al., 1995). 




By downregulating CD4 from the plasma membrane of infected cells, Nef and Vpu 
promote escape from ADCC by NK cells (Pham et al., 2014; Veillette et al., 2014). 
Furthermore, the retention of viral particles on the surface of infected cells mediated by 
tetherin increases the pool of viral antigens exposed to immune recognition favoring 
ADCC. Consistently, Vpu-induced decrease in virion tethering results in a significant 
reduction in Env epitopes exposure and lower NK cell-driven ADCC (Alvarez et al., 
2014; Arias et al., 2014; Pham et al., 2014). Altogether, in the context of HIV-1 
infection ADCC is prevented by two synergistic strategies: CD4 downregulation by Nef 
and Vpu, and tetherin counteraction by Vpu. In addition, Nef and Vpu contribute to NK 
cell-mediated innate response by specifically downregulating NK cell ligands such as 
NK T and B cell antigen (NTBa), PVR and UL16-binding protein involved in the 
activation of these cells (Galaski et al., 2015; Matusali et al., 2012; Shah et al., 2010). 
All in all, HIV-1 Nef and Vpu perform a number of redundant functions directed to 
escape host immune responses. These functions are strongly linked to the ability of both 
accessory proteins to modulate the exposure of a long and largely overlapping list of 
receptors and surface molecules by the infected cells. 
1.4 Tetraspanins (TSPANs)  
The members of the TSPAN superfamily of proteins are present at the plasma 
membrane and intracellular vesicles of virtually all mammalian cells. TSPANs contain 
4 transmembrane domains and have small and large extracellular loops (SEL and LEL, 
respectively) and short N- and C- terminal cytoplasmic tails. The LEL is involved in 
specific protein-protein interactions and the cytoplasmic regions act as linkers to 
cytoskeletal and signaling molecules (Tarrant et al., 2003). TSPANs form 
microstructures at the plasma membrane known as tetraspanin-enriched microdomains 
(TeMs). These structures act as protein scaffolds similar to but biochemically 
distinguishable from lipid rafts (Tarrant et al., 2003). Selective sorting of proteins into 
these microdomains appears to be important for a number of membrane-dependent 
processes to take place such as cell-cell fusion, cell adhesion, cell motility and sorting 
of exosomal proteins, among many others (Hemler, 2003; Levy and Shoham, 2005a, b; 
Perez-Hernandez et al., 2013; Wright et al., 2004; Zoller, 2009). Notably, assembly sites 
of HIV-1 at the plasma membrane of host infected cells selectively localize at TeMs 
(Jolly et al., 2007; Nydegger et al., 2006), likely a consequence of Gag-TSPANs 
interactions (Hogue et al., 2011). Consistently, TeMs also form part of the virological 
synapses (Nydegger et al., 2006; Welsch et al., 2007). As a result of that, TSPANs are 
included in viral particles (Orentas and Hildreth, 1993; Ott, 2008). Other human 
pathogens rely on TSPANs for their replication, i.e. hepatitis C virus (HCV) whose 
main entry cellular receptor is known to be CD81 (Feneant et al., 2014; Pileri et al., 
1998). 
1.5 T cell biology: migration and extracellular vesicle release 
As central players of the immune system, T cells need to communicate with a vast 
spectrum of cells to carry out their defensive function. Direct contact with other cells 




efficiently help them feel and sense activatory clues and need for immune synergy. 
Thereby, there is a continuous requirement form active migration and covering of long 
distances. Another way to send and receive signals is via a more paracrine, or even 
endocrine, manner which can involve single molecules such as cytokines, hormones or 
growth factors or complex structures like extracellular vesicles. Now the focus falls on 
migration and its main molecular and temporal components and on extracellular vesicle 
release. 
1.5.1 T cell migration   
Continuous migration is a hallmark of T cell function and immune surveillance (Dupre 
et al., 2015; Samstag et al., 2003; Serrador et al., 1999). Already at the earliest phase of 
their life following haematopoiesis, immature T cells or thymocytes need to travel from 
the bone marrow to the thymus where they mature into naïve T cells. During 
maturation, TCR-mediated antigen specificity is achieved and cells with intermediate 
affinity are selected. Once out of the primary lymphoid organs (PLO), naïve T cells are 
constantly migrating between the bloodstream and the secondary lymphoid organs 
(SLO, lymph nodes, spleen, tonsils and Payers patches). The so called T cell homing 
process or migration from the blood to SLO allows for cognate MHC II-antigen 
complex recognition from the surface of APCs by these cells (Figure 1.8C). The 
resulting effector T cells migrate then to the inflammation sites where adaptive immune 
responses are initiated. T cells migrate with high speed reaching 7-10 μm/min, 10 times 
faster than fibroblasts (0.3-1.3 μm/min) (Gudima et al., 1988). The whole process is 
tightly regulated and directed by chemokines sensed through chemokine receptors and 
adhesion molecules on other cells or by the extracellular matrix (ECM) interacting with 
those present on the surface of T lymphocytes. Migrating T cells have morphological 
and functional characteristics reminiscent of amoeba. This migration mode requires 
continuous changes in cell shape and relies on the ability of the cell to polarize which 
subsequently depends on a highly dynamic cytoskeleton (Figure 1.8) (see 1.5.2). 
Amoeboid migration is a multistep process comprising four consecutive events: actin-
driven protrusion, adhesion to the substrate, myosin-based contraction and disassembly 
of adhesive contacts (Ridley et al., 2003; Serrador et al., 1999). T cells can adapt the 
migration mode to the environmental context and stimulus such as chemoattractants, 
share flow and the cellular/matrix density and composition in the tissue as well as to 
their own functional status. These adaptations result in two different types of amoeboid 
migration: a slow migration mode involving strong focal adhesion contacts to the 
substrate observed in 2D ligand-coated surfaces, a model for T cell migration on 
endothelial cell monolayers, or a fast migration mode in which contacts with the 
substrate are more diffuse, used during 3D migration within solid tissues. 2D migration 
is largely integrin-dependent whereas 3D migration involves multiple cell-cell and/or 
cell matrix interactions (Dustin, 1997; Dustin et al., 1992; Friedl and Brocker, 2000; 
Lammermann et al., 2008). T cell can also use a mesenchymal mode of migration 
associated with matrix degradation in which their cell body acquires an elongated 
spindle-like shape showing one or more leading pseudopods at the front.  




Figure  1.8  Polarization  of  migrating  T  cells.  (A)  Molecular  and  morphological  organization  of  a  polarized  T 









1.5.2 Polarization of migrating T cells 
Acquisition of spatial asymmetry or cellular polarization is a fundamental property of 
most eukaryotic cells and can be permanent, as in the case of an epithelial cell, or 
transitory, as in migrating lymphocytes or fibroblasts). By acquiring a polarized 
morphology, the cell establishes and keeps physically separated and functionally 
differentiated membrane domains (Figure 1.8A). The spatial organization and distinct 
composition of these domains are essential for a number of basic cellular and 
physiological processes such as diverse as cell-cell interaction, vesicle secretion, 
cellular immunity, cell migration, differentiation, development, tissue function and 
morphogenesis.   
In order to migrate, T lymphocytes have to acquire a polarized shape described as a 
“hand-mirror” which permits conversion of mechanical forces into net cell locomotion 




(Figure 1.8) (Stossel, 1993). Polarization is a complex process in which several 
regulatory pathways integrating spatial and temporal actin cytoskeleton components are 
involved (Gomez-Mouton et al., 2001; Ridley et al., 2003). Two highly specialized 
compartments can be distinguished in a polarized T cell: a leading edge at the front and 
the uropod at the rear (Figure 1.8A) (Friedl and Brocker, 2000; Sanchez-Madrid and del 
Pozo, 1999; Serrador et al., 1999). The formation of two differentiated compartments 
leads to an asymmetrical spatial organization optimal for the establishment of net 
movement associated with the onset of migratory induction. This includes binding to 
and crawling on the endothelium, migration within the ECM, and response to 
chemotactic factors.  
 The leading edge (LE) 
It localizes at the front of the cell (Figure 1.8A). Plasma membrane protrusions 
namely lamellipodia and filopodia emerge here due to high actin polymerization rates 
defining the direction of migration (Figure 1.8B). This compartment is thereby enriched 
in F-actin and actin-binding proteins such as talin, vinculin or α-actinin. Chemokine 
receptors are also concentrated at this end and they direct cell migration by sensing the 
chemotactic gradient (Gomez-Mouton et al., 2001; Nieto et al., 1997). Molecules 
involved in the formation of adhesion contacts such as LFA-1 (αLβ2 integrin) and the 
focal adhesion (FAK) localize to this area of the cell and mediate adhesion of the 
protruded membrane to the substrate (Campanero et al., 1994; Friedl and Brocker, 2000; 
Nieto et al., 1997). 
The proteins N-WASP and WAVE regulate the formation of protrusions at the 
front of a migrating cell. As reviewed above, they act as effectors of small GTPases and 
this subsequently regulate Arp2/3, which ultimately mediates branched actin 
polymerization. However, different small GTPases are involved in generating different 
types of protrusions. Lamellipodia require Rac activity whereas Filopodia are dependent 
on Rho and Cdc42. The supramolecular design of these two types of structures enable 
the cell to perform different functions in relation to migration: by forming lamellipodia 
the cell elongates increases vastly the length of its plasma membrane, while filopodia, 
with paralleled actin bundles starting at the plasma membrane, serve as “sensors” to 
explore the extracellular environment (Figure 1.8A) (Borisy and Svitkina, 2000; Dupre 
et al., 2015; Samstag et al., 2003). Furthermore, focal adhesions contribute to the 
stabilization of actin filaments and require activation of integrins which are recruited to 
the nascent adhesions. Other proteins regulated by Rac like Talin, PKC, Rap1 and PI3K 
are also involved in actin-driven formation of protrusions (Webb et al., 2002).           
 The uropod       
It is a narrow cytoplasmic projection at the trailing edge of the cell (Figure 
1.8A). The motor protein myosin II concentrates here (Campanero et al., 1994; Serrador 
et al., 1997). Dimers of this protein form bipolar filaments which associate with actin 
filaments and generate ATP-dependent motion by pulling two actin filaments against 
each other (Jay et al., 1995; Korn and Hammer, 1988). The intracellular adhesion 




molecules (ICAM)-1, -2 and -3, CD43, CD44 and β1 integrins are also polarized to this 
part of the cell (del Pozo et al., 1995; Friedl and Brocker, 2000; Serrador et al., 1997). 
The actin-binding proteins of the ezrin radixin moesin (ERM) family link physically the 
plasma membrane and F-actin (Tsukita and Yonemura, 1999). These proteins activity is 
dependent on phosphorylation at a threonine residue at the C-terminal by Rho as well as 
on PIP2 binding to the N-terminus. When inactivated by dephosphorylation and PIP2 
dissociation, N- and C-termini of proteins of the ERM family interact intramollecularlly 
preventing binding between the plasma membrane and F-actin. As a result, the actin 
cytoskeleton disorganizes what is a pre-requisite for adhesive interactions disassembly 
(Samstag et al., 2003; Tsukita and Yonemura, 1999). In that regard, myosin II has also 
been suggested to be important by promoting break-down of adhesion contacts with the 
substrate by direct application of physical stress which results in disruption of the 
intracellular interaction between integrins and the actin cytoskeleton and/or with their 
extracellular ligands (Cox and Huttenlocher, 1998). 
Thus, polarization enables T cells to acquire the structural organization required to 
perform amoeboid motility. A fundamental characteristic of this migration mode is the 
ability to form protrusions at the leading edge of the cell and not at the uropod (Figure 
1.8B). To spatially coordinate this, small GTPases are essential. Rac largely controls 
leading edge protrusion whereas Rho induces lack of them at the uropod. Cdc42 serves 
as guide to control the overall cellular polarity acquisition process (Bardi et al., 2003; 
Bustelo, 2002; del Pozo et al., 1999; Lee et al., 2004; Ratner et al., 2003). 
1.5.3 Transendothelial migration (TEM) 
As discussed above, migration of T cells throughout the body is essential for 
immunosurveillance and repair of peripheral tissues as well as for efficient immune 
responses against pathogens and tumor cells. This implies frequent crossing of 
endothelial barriers limiting blood vessel walls, a complex multistep process known as 
transendothelial migration (TEM) (Figure 1.9). This is the case for naïve T cells 
migrating from the bloodstream into the lymph nodes across the high endothelial 
venules (HEV) or for effector T cells after recognition of cognate antigen when they 
travel into sites of inflammation. Initially, T cells circulating in the bloodstream 
establish weak, transient interactions with the endothelial cells of the walls of HEV or 
postacapillary venules in the vicinity of an inflamed tissue. These weak interactions 
trigger a process called the leukocyte-adhesion cascade which consists of selectin-
mediated tethering and rolling on the endothelium, integrin activation, subsequent firm 
arrest and crawling and, finally, TEM (Ley et al., 2007; Nourshargh et al., 2010). These 
sequential but overlapping steps are controlled by the integration of chemotactic and 
exit cues, mainly chemokines displayed on the luminal and basolateral sides of the 
endothelium as well as the underlying extravascular tissue and lipid chemoattractants 
(Alon and Shulman, 2011; Rot and von Andrian, 2004). A crucial step for these events 
to take place is the activation of the endothelial cells. There are two modes of 
endothelial activation: a rapid (within minutes) and protein-synthesis-independent 
leading to expression of preformed adhesion molecules on the plasma membrane (e.g. 




P-selectin), and a slow (within hours) and protein-synthesis-dependent mode which 
involves transcription of trafficking molecules, namely selectins, integrin ligands and 
chemoattractants. This occurs as a result of inflammatory stimuli such as histamine and 
PAF in the case of rapid activation and cytokines in the case of slow activation (e.g. 
interleukin-1β (IL-1β) and tumor necrosis factor (TNF)) (Pober and Sessa, 2007). 
Circulating T cells in the blood are covered with short microvilli. These structures 
contain parallel bundles of highly dynamic actin filaments (Majstoravich et al., 2004). 
The tips of these microvilli is rich in low-affinity adhesion molecules such as L-selectin 
and α4β7 integrin (Stein et al., 1999), whereas molecules that mediate firm arrest, e.g. 
LFA-1, are distributed randomly or excluded from microvilli (Berlin et al., 1995; Bruehl 
et al., 1996). Interaction between lymphocyte glycoproteins (e.g. P-selectin glycoprotein 
ligand (PSGL-1)) on microvilli with P-selectin and E-selectin molecules on the surface 
of endothelial cells results in the formation of reversible interactions mediating not only 
tetherin of lymphocytes on the endothelium (Ley et al., 2007; Zarbock et al., 2011) in 
the collapse of microvilli (Alon and Feigelson, 2002). PSGL-1 on free lymphocytes in 
the bloodstream can bind to L-selectin on attached lymphocytes leading to secondary 
lymphocyte tetherin (Eriksson et al., 2001; Sperandio et al., 2003). Flattening slows 
down rolling and facilitates topographical availability of chemokine receptors and 
integrins. The former recognize endothelium-displayed chemokines which mediates the 
stimulation of GEFs or JAK protein tyrosine kinases and in turn different members of 
the Rho GTPase family leading to inside-out and the activation of integrins on the 
surface of the lymphocyte (Alon and Dustin, 2007; Alon and Feigelson, 2009; Carman 
and Springer, 2003; Ley et al., 2007; Montresor et al., 2013).  Activated lymphocyte 
integrins such as LFA-1, VLA-4 and α4β7 bind to their ligands, e.g. ICAM-1 and 
vascular adhesion molecule (VCAM)-1, inducing lymphocyte arrest (Figure 1.9) 
(Nourshargh and Alon, 2014). Upon arrest, lymphocytes protrude and directly 
translocate their body through the endothelium or crawl in search for exit cues 
(Phillipson et al., 2009). Crawling requires lymphocyte polarization, relies on the 
actomyosin machinery and is chemokine-directed and integrin-dependent (Hyun et al., 
2012; Shulman et al., 2009). TEM can occur through junctions between adjacent 
endothelial cells (paracellular TEM) or through the body of these cells (transcellular 
TEM), being the former the preferred route (Muller, 2011; Nourshargh et al., 2010). 
Both modes are the result of lymphocyte-driven changes in the endothelium such as the 
formation of adhesion platforms including ICAM-1, VCAM-1 and different tetraspanins 
and pentaspanins (e.g. CD9, CD151 or CD47, respectively) (Azcutia et al., 2012). 
Ligation of these molecules by their ligands on lymphocytes induce signaling in the 
endothelial cells leading to reduced endothelial barrier properties such as an increase in 
intracellular Ca2+ (Huang et al., 1993; Pfau et al., 1995), reactive oxygen species 
(ROS) generation (Deem et al., 2007; Martinelli et al., 2009), activation of Src 
(Allingham et al., 2007) or activation of p38 mitogen-activated protein kinase (MAPK) 
(Hu et al., 2000). These events result in the modulation of a number of endothelial 
targets and the reorganization of the cytoskeleton promoting junction opening and 
lymphocyte crossing of the endothelial barrier. VE-cadherin internalization and 
recycling has also been shown to be needed for successful lymphocyte diapedesis 




(Weber et al., 2007). In the context of effector T cells migrating into inflamed tissues, 
TEM is related to enhanced survival and increased effector functions (Nourshargh et al., 
2010; Stark et al., 2013). Therefore, TEM not only represents a regulated process for 
lymphocytes to home to access damaged or infected tissues but also contributes to 
priming of the extravasated lymphocytes to an efficient immune response performance.   
Figure  1.9  Transendothelial  migration  process.  The  scheme  shows  the most  important  steps  of  this  complex 
process. Most relevant molecules mediating T cell‐endothelial cell interactions are indicated as well as the influence 
of  Nef  on  the  individual  steps  and  the  dependency  on  its  ability  to  disrupt  actin  dynamics.  (von  Andrian  and 
Mempel, 2003) 
 
1.5.4 Extracellular vesicle release 
Cell communication is essential in multicellular organisms. It can take place by direct 
cell-cell contact or via transfer of secreted molecules or more complex cell-derived 
structures such as extracellular vesicles (EV) (Gyorgy et al., 2011). These vesicles are 
produced by most cell types and are present in the extracellular space. According to 
their endosomal or plasma membrane origin, they can be classified as exosomes or 
microvesicles (MVs) (also known as shedding vesicles or ectosomes), respectively 
(Raposo and Stoorvogel, 2013). MVs are very variable in size ranging between 100 and 
1,000 nm in diameter and they are formed by outward budding of the plasma membrane 
upon activation and crosslinking of cell surface receptors or apoptosis and the 
correspondent intracellular Ca2+ increase (Ratajczak et al., 2006b). The release rate of 
MVs in steady state is typically low except for tumor cells which release them 
constantly (Muralidharan-Chari et al., 2010; Raposo and Stoorvogel, 2013). Exosomes, 
on the other hand, are smaller with sizes comparable to those of viruses ranging 
between 50 and 120 nm in diameter. These vesicles are formed by inward budding of 
the membrane of late endosomes resulting in the formation of multivesicular bodies 
(MVBs). MVBs can then follow two different pathways: either they fuse to lysosomes 
for degradation, or they fuse to the plasma membrane to release their content to the 
extracellular space, the so called exosomes (Mittelbrunn and Sanchez-Madrid, 2012; 
Yanez-Mo et al., 2015). Despite of their important role in intercellular communication, 
the overall function of exosomes remains unclear. Though, multiple functions of 
exosomes in immune modulation, tumorigenesis and the propagation of 
neurodegenerative diseases have been described. Nowadays exosomes raise 




indisputable interest as biomarkers and therapeutic targets (Yanez-Mo et al., 2015). Of 
note, the membrane of both types of EVs displays an array of proteins which are not 
randomly included. Unknown protein sorting mechanisms play a role in the formation 
of these vesicles. However, a difference between them is the fact that MVs contain 
sorted plasma membrane proteins (Cocucci et al., 2007; Moskovich and Fishelson, 
2007), while exosomes contain proteins original form the plasma membrane, the 
endocytic pathway and the cytoplasm (Raposo and Stoorvogel, 2013; Thery et al., 2002; 
Vlassov et al., 2012). The composition of exosomes reflects their endosomal origin 
including proteins involved in the formation of MVBs including ESCRT proteins, 
apoptosis-linked gene 2-interactin protein X (Alix), tumor susceptibility gene 101 
(tsg101), Rab GTPases or tetraspanins such as CD9, CD63 and CD81. In the context of 
T cell biology, exosomes released by these cells have been described to be directed 
specifically to IS-engaged APCs in a polarized fashion and to contain microRNAs 
(miRNA) different from the repertoire present in their producer cells (Choudhuri et al., 
2014; Gutierrez-Vazquez et al., 2013; Mittelbrunn et al., 2011). Immune cell and T cell-
specific proteins have been identified to be enriched in exosomes derived from T cells 
such as TCR/CD3/ζ, MHC-I and –II, LFA-1, CXCR4 or Lck (Blanchard et al., 2002; 
Miguet et al., 2006). Additionally, a new type of vesicles derived from a T cell line was 
described. The so called microvesicle clusters (MCs) differ in the generation mechanism 
with other EVs which consists in the accumulation of small vesicles underneath the 
plasma membrane and the subsequent formation of a large ball-like structure containing 
the small vesicles with the eventual rupture of the plasma membrane limiting this 
structure and release of the small vesicle to the extracellular space (Muratori et al., 
2009).  
1.6 Effects of HIV-1 Nef on T cell biology 
HIV modulates several aspects of T cell biology to its own benefit. Nef seems to be the 
master manipulator leading to such modulation. The following provides a review on 
how Nef affects capital T cell functions such as migration or EV secretion.  
1.6.1 Nef interferes with T cell migration  
Nef potently interferes with T cell migration (Choe et al., 2002; Hrecka et al., 2005; 
Janardhan et al., 2004; Lee et al., 2008; Nobile et al., 2010; Park and He, 2009; Stolp et 
al., 2010; Stolp et al., 2009). As in most other Nef-mediated effects, T cell migration 
impairment has been linked to Nef-mediated downregulation of membrane receptors 
and adhesion molecules. Nef reduces surface expression levels of several chemokine 
receptors including CCR1, CCR2, CCR3, CCR4, CCR5, CXCR1, CXCR2 and CXCR4 
(Chandrasekaran et al., 2014; Hrecka et al., 2005; Michel et al., 2005; Michel et al., 
2006; Zaitseva et al., 2003). Despite marginal Nef-mediated downregulation of CCR7, a 
receptor involved in sensing of the chemokines CCL19 and CCL21 expressed by 
reticular stromal cells in lymphoid organs and required to direct T cell migration within 
them, it has been reported that Vpu reduces surface levels of this molecule contributing 
to Nef-induced overall migration defect (Ramirez et al., 2014). The effects of Nef on T 
cell migration however do not depend on CCR downregulation. Nef inhibits T cell 




chemotaxis in vitro as reflected from transwell assays in which Nef-expressing cells 
migrate with significantly reduced frequency through filter pores towards a 
chemoattractant such as SDF-1α (Choe et al., 2002; Park and He, 2009; Stolp et al., 
2010; Stolp et al., 2009). From a molecular point of view, Nef effects on chemotaxis 
and migration rely on its ability to disrupt actin cytoskeleton by interacting with PAK-2 
and inducing substrate specificity change towards cofilin. Dependency on this 
molecular mechanism has been shown not only in vitro but also in complex in vivo 
experimental settings, such as migration of Nef-expressing primordial germ cells in 
zebra fish (Stolp and Fackler, 2011; Stolp et al., 2009) or homing of Nef-expressing T 
lymphocytes in mice models (Fujii et al., 2011; Stolp et al., 2012). Nef has been shown 
to impair T cell homing by strongly reducing the capacity of Nef-expressing T 
lymphocytes to migrate across HEVs in vivo using intravital 2-photon microscopy 
(Stolp et al., 2012). Influence of Nef on TEM was then assessed in vitro using an 
experimental system that incorporated primary endothelial murine cells as well as 
controlled shear flow. Transmigration across the endothelium of murine T cells 
expressing Nef was notably reduced when compared to control cells. In addition, 
dependency on the PAK-2 binding motif of Nef and, thereby, on impairment of actin 
cytoskeleton rearrangements by Nef was required for all TEM steps affected except 
diapedesis (Stolp et al., 2012). Nef-mediated block of TEM thereby relies on other, 
uncharacterized interaction motif of Nef. Furthermore, Nef as well as Vpu have been 
also described to induce downmodulation of L-selectin (CD62L), a molecule involved 
in T lymphocyte tethering and rolling leading to TEM by interacting to its ligands of 
endothelial cells at HEVs (e.g. GlyCAM-1 or CD34) or other lymphocytes (e.g. PSGL-
1) (Haller et al., 2014; Stolp et al., 2012; Vassena et al., 2015). The Nef-mediated 
interference with T cell migration was observed already at the early stage of 
polarization. Park and He described a defect polarization in Jurkat T cells on a 2D 
system consisting of anti-LFA-1-coated surfaces linked to expression of Nef which 
correlated to impaired chemotaxis and impaired migration through primary endothelial 
cells towards a chemoattractant (Park and He, 2009). Consistently, Stolp et al. observed 
a block in polarization of Nef-expressing murine T cells upon adherence to a primary 
endothelial cell monolayer under shear flow, a system which resembles better a 
physiologically relevant environment for T lymphocytes (Stolp et al., 2012). In this 
context, the inability of Nef-expressing cells to polarize correlated to the lack of 
locomotion on the endothelium and absence of diapedesis events. Of note, the block in 
polarization was also observed upon plating these cells on fibronectin-coated surfaces 
and stimulation with Sdf-1α (Stolp et al., 2012). Remarkably, Nef also inhibits the 
amoeboid motility of macrophages while it enhances the mesenchymal migration of 
these cells, a migration mode that relies on matrix degradation (Verollet et al., 2015).    
1.6.2 Nef induces EV secretion in T cells  
Across evolution EV biogenesis and release pathways have been modulated and 
exploited by various pathogens like viruses providing a potential escape mechanism 
from the host immune response. Studies with retroviruses showed that viruses are able 
to hijack the cellular machinery involved in EV generation for the budding of the viral 




progeny (Schorey and Bhatnagar, 2008). HIV-1 Nef has been reported to induce 
alterations within the endosomal compartment and to increase endosome, lysosome and 
late endosome/MVB formation (Campbell et al., 2008; Sandrin and Cosset, 2006; 
Schwartz et al., 1995a). Muratori et al. described a Nef-mediated induction of EV 
release and the self-incorporation of the viral factor in these vesicles with the 
subsequent delivery to bystander cells (Muratori et al., 2009). These authors postulate 
the evolutionary advantage of Nef-delivered on exosomes to potentially increase 
detrimental bystander effects on non-infected cells as well as the induction of viral 
particle release. Lenassi et al. could also observe Nef incorporation into EVs derived 
from infected or Nef-expressing immortalized and primary T cells reported and that 
these Nef-containing EVs promoted apoptotic death of bystander cells (Lenassi et al., 
2010). Consistently, Nef-containing exosomes were detected in the cultures of HIV-1 
infected cells and the plasma of infected patients (Ali et al., 2010; Campbell et al., 2008; 
Raymond et al., 2011). Further investigation showed that Nef induces the release of 
TACE (ADAM-17)/ADAM-10 containing EVs through an intricate mechanism 
regulated by paxillin which leads to secretion of TNF-α in cells taking up those 
exosomes. Ultimately, TNF-α secretion is supposed to promote HIV-1 replication in 
infected cells (Lee et al., 2013).  Extensive mutagenesis analysis revealed a conserved 
motif (VGFPV 66-70) whose integrity is required for Nef-induced EV secretion in 
immortalized T cell lines transfected for expression of Nef, namely the secretion 
modification region (SMR) (Ali et al., 2010). This motif forms a binding pocket that 
facilitates interaction with mortalin, an event suggested to be part of the molecular 
mechanism underlying Nef-induced EV secretion (Shelton et al., 2012). Unlike what 
was observed for isolated expression of Nef, mutation in the SMR did not abrogate Nef-
induced EV secretion in infected T cell line cultures or humanized mice. However, 
apoptosis and CD4 T cell depletion were reduced, respectively (Konadu et al., 2015). In 
addition, humanized mice infected with the virus bearing the SMR Nef mutant 
displayed decreased cytokine production as compared to those infected with wt Nef 
encoding virus. Nef-containing exosomes also contain several endogenous retroviral 
RNA sequences, e.g. transactivation response element miRNA (Narayanan et al., 2013). 
Finally, the biological relevance of Nef-induced EV release has been highlighted by 
studies that found not only that these vesicles can render resting CD4 T cells permissive 
to HIV-1 infection (Arenaccio et al., 2014) but also that they are able to reactivate the 
latent provirus in a TACE-dependent manner (Arenaccio et al., 2015). 
1.7 Aims of the study 
The work presented in this thesis is divided in two parts. A minor project focuses on the 
study of HIV-1 Nef and Vpu redundant functions. The second part corresponds to the 
main PhD project and investigates the effects of these two proteins on T cell polarity in 
the context of T cell migration. 
1.7.1 Overlapping functions of Nef and Vpu 
Proteins of the TSPANs superfamily have been described to be involved in the 
replication cycle of HIV, conforming platforms for virion assembly and budding 




(Nydegger et al., 2006). Recent work of our lab has identified members of the TSPAN 
family of proteins as specific targets for cell surface downregulation by Nef and Vpu 
(Haller et al., 2014). The mechanism by which this process takes place remains largely 
unidentified. Interestingly, Nef and Vpu share a number of redundant functions, many 
of them related to downregulation of host cell receptors and surface molecules. Of note, 
no comparative studies have been performed on the interference in host cell trafficking 
by these two viral factors, e.g. the transport of the host kinase Lck. In addition, it has 
been described that HIV-1 Nef stimulates the secretion of exosomes in Nef-expressing 
cells and in infected primary T cells (Lenassi et al., 2010; Muratori et al., 2009). 
Importantly, nothing was known regarding the effects of Vpu on exosome release at the 
time this project started. This minor thesis project aimed to provide an answer to the 
following questions: 
 Which are the determinants involved in the mechanism of downregulation of 
TSPANS by Nef and Vpu?  
 Are there other not yet defined shared functions between Nef and Vpu? More 
specifically: 
o Is Vpu able to block anterograde transport of the host kinase Lck? 
o Is Vpu able to enhance EV release and to induce its own incorporation 
into EVs? 
 Does the effect of Nef on EV release account for the mechanism of TSPAN 
downregulation from the cell surface? Could this be the case for Vpu as well?   
1.7.2 Effects of Nef on T cell polarization and TEM 
In the most recent work of our laboratory concerning Nef-mediated T cell migration 
impairment, Stolp et al. described that in vivo and ex vivo the predominant inhibition of 
murine CD4+ T lymphocytes by Nef is at the level of transmigration through endothelial 
monolayers as well as subsequent subendothelial migration (Stolp et al., 2012). While 
the inhibition of subendothelial migration is mediated via the effects of Nef on actin 
dynamics, Nef effects on transmigration involve other, yet uncharacterized protein 
interactions. Notably, the inability to transmigrate of Nef-expressing cells was 
paralleled by a marked reduction of cell polarization. This results however have not 
been yet confirmed for human cells. In this context, we hypothesize that the impairment 
of T cell polarity mediated by Nef determines the observed defect in TEM, more 
specifically in diapedesis. This main thesis project aims at testing this hypothesis and, 
more concretely, at finding an answer to these questions: 
 Does the Nef-mediated loss of polarity seen on transduced murine T cells also 
occur in primary human T cells in the context of infection? 
 Is this effect conserved among lentiviral Nef proteins? 
 Which are the molecular determinants of Nef involved in this activity, others 
than those responsible for actin rearrangements disruption? 
 Which is the mechanism by which Nef disrupts T cell polarity and the relevance 
of it in the frame of HIV-1 infection? 




 What is the contribution of the disruption in polarity on the ability of T cells to 
migrate through the endothelium? 
   




2 MATERIALS AND METHODS 
2.1 Materials 
2.1.1 Chemicals and reagents 
Name  Company 
Acrylamide Rothipherese Gel 40 Roth 
Agarose NEEO Roth 
Ampicillin Roth 
Anti-CD3 containing OKT3 hybridoma supernatant Kindly provided by Andrea Imle 
BEZ235 Synkinase 
BSA 100x NEB 
Calcium Chloride Sigma Aldrich 
CCL-21 Peprotech 
Cell Tracker Blue CMAC Thermo Fisher 
Cell Tracker Green CMFDA Thermo Fisher 
Cell Tracker Orange CMRA Thermo Fisher 
ColorPlus Prestained Protein Marker (7–175 kDa) New England Biolabs 
Compensation beads BD 
ConcavalinA Sigma Aldrich 
Dabrafenib SelleckChem 
DNA ladder 1kb Plus Life Technologies 
dNTP Set Fermentas 
ECL (supersignal west pico/femto) Pierce Biotechologies 
Gelatin Merck  
GFP-trap beads chromotek 
Glutamin Gibco 
Gö6983 Santa Cruz 
HBSS Sigma Aldrich 
High concentration rat Collagen I BD/Corning 







Luciferase Assay Substrate Promega 
Lysisbuffer for cell culture for Luciferase assay 5x Promega 
LY294002 (SF1126) Synkinase 




Matrigel BD Biosciences/Corning 
Magnesium Chloride Hexahydrate  Merck Millipore 
MK-2206 Synkinase 
Mowiol 4-88 reagent Merck Millipore 
Midori Green Advance Nippon genetics 
Pei Sigma Aldrich 
Penicillin, Streptomycin Sigma Aldrich 
Phalloidin-TRITC Sigma Aldrich 
PIR3.5 Santa Cruz 
PKH 26 Sigma Aldrich 
PMSF Sigma Aldrich 
Polybrene Sigma Aldrich 
Poly-L-Lysine (0.01% solution) Sigma Aldrich 
Powdered milk Roth 
PP2 SelleckChem 
Protease inhibitor cocktail Sigma Aldrich 
Puromycin Sigma Aldrich 
RNAse Inhibitor, Ribolock Fermentas 
RiboLock RNase Inhibitor Thermo Scientific 
Rottlerin Santa Cruz 
SDF-1α, human (CXCL12) Peprotech 
Sorafenib Synkinase 
Sunitinib Synkinase 
SYBR Green Invitrogen 
TEMED Roth 
TMB Serva 
TNF-a  R&D 
Total Exosome Isolation (from cell culture) Reagent Invitrogen 
Trametinib (GSK1120212) Synkinase 
Tris Roth 
Triton x-100 Merck Millipore 
Trytan Blue Life Technologies 
Vemurafenib Synkinase 
β-Mercaptoethanol Sigma Aldrich 
X-Gal Thermo Scientific 
1 Kb plus DNA ladder  Life technologies 





2.1.2 Buffers and solutions 
Name  Component  Concentration 
Blotting buffer  TrisHCl, pH 8.8 19 mM 
 SDS 0.1% (w/v) 
 Glycine 192 mM 
 Methanol 20% (v/v) 
Carbonate solution Na2CO3 0.2 M (2.2 g) 
 destilled H20 100ml 
Bicarbonate solution NaHCO3 0.2 M (1.68 g) 
 destilled H20 100 ml 
Carbonate/bicarbonate tampon buffer (pH 9.2) Carbonate solution 4 ml 
 Bicarbonate solution 46 ml 
 destilled H20 up to 200 ml 
DNA loading buffer TrisHCl, pH 7.5 50 mM 
 EDTA 50 mM 
 Glyerol 50% (v/v) 
 Bromophenol blue 0.25% (w/v) 
KEB lysis buffer  EDTA 2 mM 
 Glycerol 10% (v/v) 
 NP-40 0,5% (v/v) 
 NaCl 137 mM 
 TrisHCl, pH 8 50 mM 
MACS Buffer PBS 1x 
 EDTA 2 mM 
 inact. FBS 0.5% (v/v) 
3x Non-reducing sample buffer (SDS-PAGE) TrisHCL, pH 6.8 125 mM 
 SDS 2% (w/v) 
 Glycerin 10% (w/v)  
 Bromophenol blue 2% (w/v) 
10x PBS PBS Dulbecco (Biochrom), pH 7.4  1 pkg/l 
1x PBST Tween 20 in 1x PBS  0.1% (v/v) 
3% PFA paraformaldehyde in 1x PBS 3% (w/v) 
Ponceau Acetic Acid 5% (v/v) 
 Ponceau S Red 0.2% (w/v) 
RIPA Buffer Tris-HCl, pH 8 50 mM 
 NaCl 150 mM 
 SDS 0.1% (w/v) 
 Natrium deoxycholate 0.5% (w/v) 




 Triton-X 100 1% (v/v) 
 Protease inhibitors cocktail 1:1000 
Running buffer (SDS-PAGE) TrisHCl 19 mM 
 SDS 0.1% (w/v) 
 Glycine 192 mM 
6x Sample buffer (SDS-PAGE) TrisHCl, pH 6.8 390 mM 
 SDS 10% (w/v) 
 β-Mercaptoethanol 30% (v/v) 
 Glycerol 30% (v/v) 
 Bromophenol blue tip of spatula 
4x Separating gel stock solution, pH 8.8 Tris 1.5 M 
 SDS 0.4% (w/v) 
Stacking gel stock solution, pH 6.8 Tris 0.6 M 
 SDS 0.4% (w/v) 
20% sucrose solution sucrose in 1x PBS  20% (w/v) 
   
SG-PERT 10x PCR buffer Tris-HCl, pH 8.0 50 mM 
 KCl 200 mM 
 (NH4)2SO4 200 mM 
SG-PERT 2x lysis buffer   Tris-HCL, pH 7.4 100 mM 
 KCl  50 mM 
 Glycerol  40% 
 Triton-X100  0.25% 
SG-PERT 2x reaction buffer 1x PCR buffer MgCl2  10 mM 
 2x BSA  
 dNTP  400 μM 
 Forward primer  1:00 PM 
 Reverse primer  1 pM 
 MS2 RNA  8 ng 
 SYBR Green  1:10000 
50x TAE buffer, pH 8.3  Tris 2 M 
 EDTA 0.1 M 
 NaAc 1 M 
β-Gal solution Ferrocyanide 3 mM 
 MgCl2 1 mM 
 PBS 1x 





2.1.3 SDS-PAGE gel 
 10% Separating gel  Stacking gel  
SDS Seperating Gel stock  1 ml  -  
SDS Stacking Gel stock  -  0.3 ml  
H2O  1.7 ml  0.8 ml  
30% Acrylamide  1.3 ml  200 μl  
10% APS  13 μl  8 μl  
TEMED  6 μl  3 μl  
 
2.1.4 Antibodies 
Antibody Company/Source Technique Dilution 
APC mouse anti-human CD317  Biolegend  FACS 1:40 
APC mouse anti-human CD4   BD Biosciences FACS 1:30 
APC mouse anti-human HLA-ABC  BD Biosciences  FACS 1:20 
APC Mouse anti-human PECAM-1, CD31 eBiosciences FACS 1:20 
FITC Mouse anti-human E-Selectin, 
CD62E   
eBiosciences FACS 1:20 
FITC Mouse anti-human ICAM-1, CD54 Immunotools FACS 1:20 
FITC Mouse anti-human VCAM-1, 
CD106 
eBiosciences FACS 1:20 
Goat anti-Ezrin Santa Cruz IF 1:500 






Goat anti-Talin Santa Cruz IF 1:1000 
mouse-anti-CA (183) kindly provided by  
Hans-Georg Kräusslich 
ELISA 1:1000 
Mouse anti-Calnexin Santa Cruz WB 1:2000 
Mouse anti-HIV-1 p24CA  Kindly provided by  
Hans-Georg Kräusslich 
ELISA 1:1000 
Mouse anti-HLA-DR-Brilliant Violet 510 
(L243) 
Biolegend FACS 1:20 
Mouse anti-Hsc70 Santa Cruz WB 1:4000 
Mouse anti-human CD37 BD Biosciences FACS 1:5 
Mouse anti-human CD53 BD Biosciences FACS 1:5 
Mouse anti-human CD63 BD Biosciences WB 1:1000 
  FACS 1:5 
Mouse anti-human CD81 BD Biosciences WB 1:1000 
  FACS 1:5 
Mouse anti-human E-Cadherin Invitrogen IF 1:24 




Mouse anti-human Occludin Invitrogen IF 1:24 
Mouse anti-human-CD28 BD Biosciences Activating Surface 
(Coat) 
1:1000 
Mouse anti-human-CD3  BD Biosciences Activating Surface 
(Coat) 
1:1000 
Mouse anti-human Lck  Santa Cruz IF 1:50 
Mouse α-TfR (monoclonal)  ZYMED Laboratories IF 1:1000 
Rabbit anti-HIV-1 CA Kindly provided by  
Hans-Georg Kräusslich 
IF 1:200 
Rabbit anti-human Claudin-1 Invitrogen IF 1:24 
Rabbit anti-human ZO-1 Invitrogen IF 1:12 
Rabbit anti-PKCδ  Santa Cruz IF 1:20 
Rabbit anti-Vpu (polyclonal)   FabGennix Inc. WB 1:1000 
Rat anti-CD44  Biolegend IF 1:800 
Rat anti-GFP (monoclonal)  Chromotek WB 1:1000 
Secondary antibodies fluorophore-coupled 










  FACS 1:200 
Sheep anti-HIV-1 p24CA   Kindly provided by  
Barbara Müller 
WB 1:5000 
Sheep anti-Nef (polyclonal)  NIBSC Center for AIDS WB 1:2000 
 
2.1.5 Enzymes 
Name  Company 
Alkaline Phosphatase, Calf Intestinal (CIP) New England Biolabs 
GoTaq Hot Start DNA Polymerase Promega 
Pfu Polymerase Promega 
Phusion High Fidelity DNA Polymerase New England Biolabs 
Restriction Endonucleases New England Biolabs 
T4 DNA Ligase New England Biolabs 
T4 Polynucleotide Kinase  New England Biolabs 
 
2.1.6 Plasmids 
Plasmid Description Source 
GFP (pEGFP-N1) CMV driven GFP expression, used for cloning of 
GFP fusion proteins 
Clontech 
pAdVAntage Expression enhancer plasmid Promega 
pDisplay.YFP yfp was cloned into pDisplay via BglII+Klenow and Kindly provided 




SalI (pDisplay) or  
NcoI+Klenow and SalI (yfp insert); YFP is 
expressed on the cell surface 
by Barbara Müller 
pNL4.3 IRES.pDisplay.YFP XhoI site and NcoI site were removed in 
pDisplay.YFP by Quik-Change PCR, amplified 
fragment was interted into pNL4.3 IRES.GFP by 
NcoI and XmaI 
Kindly provided 
by Andrea Imle 
pNL4.3 HIV-1 SF2 Nef wt 
IRES.pDisplay.YFP 
Insertion a Mlu I site at 3' of nef from pNL4.3 SF2 
Nef, amplified  
fragment was interted into pNL4.3 
IRES.pDisplay.YFP by HpaI and MluI 
This work 
pNL4.3 HIV-1 ΔNef 
IRES.pDisplay.YFP 
XhoI site and NcoI site were removed in 
Display.YFP by Quik-Change PCR, amplified  
fragment was interted into pNL4.3 ΔNef IRES.GFP 
by NcoI and XmaI 
Kindly provided 
by Andrea Imle 
pNL4.3 HIV-1 SF2 Nef 
Δ12-39.wt 
IRES.pDisplay.YFP 
Sewing PCR Using Hpa-I and Mlu-I on a pNL4.3 
HIV-1 SF2 Nef.wt IRES.pDisplay.YFP to insert  
SF2 Δ12-39 Nef 
This work 
pNL4.3 HIV-1 SF2 Nef 
AXXA IRES.pDisplay.YFP 
Insertion a Mlu I site at 3' of nef from pNL4.3 SF2 
Nef AXXA, amplified  
fragment was interted into pNL4.3 
IRES.pDisplay.YFP by HpaI and MluI 
This work 
pNL4.3 HIV-1 SF2 Nef 
F195I IRES.pDisplay.YFP 
Insertion a Mlu I site at 3' of nef from pNL4.3 SF2 
Nef F195I, amplified  
fragment was interted into pNL4.3 
IRES.pDisplay.YFP by HpaI and MluI 
This work 
pNL4.3 SF2 Nef proviral vector expressing SF2 Nef. Standard 
proviral vector for HIV-1 infections 
Fackler lab, 
(Fackler et al., 
2006) 
pNL4.3 SF2 ΔNef proviral vector not expressing Nef due to the 
presence of two stop codons at the Nef ORF 
Kindly provided 
by Frank Kirchoff 
pNL4.3 SF2 Δvpu proviral vector not expressing Nef due to the 
presence of two stop codons at the Vpu ORF 
Kindly provided 
by Frank Kirchoff 
pNL4.3 SF2 ΔNefΔVpu  proviral vector neither expressing Nef nor Vpu due 
to the presence of stop codons at the  
respective ORFs 
Kindly provided 
by Frank Kirchoff 
pNL4.3 SF2 Δ12-39 Nef  proviral vector expressing SF2 Nef mutant Fackler lab, 
(Fackler et al., 
2006) 
pNL4.3 SF2 F195A Nef proviral vector expressing SF2 Nef mutant Fackler lab, 
(Fackler et al., 
2006) 
SF2 Nef.GFP (wt) Standard Nef allele used, expression of Nef fusion 
proteins by cloning HIV-1 SF2 nef into  
pEGFP-N1 via BglII and EcoRI 
Fackler lab, 
(Fackler et al., 
1999) 
SF2 Nef.GFP Δ12-39 SF2 Nef mutant fused to GFP Fackler lab, 
(Michel et al., 
2005) 
SF2 Nef.GFP AxxA SF2 Nef mutant fused to GFP Fackler lab, 
(Michel et al., 
2005) 
SF2 Nef.GFP E4A4 SF2 Nef mutant fused to GFP Fackler lab, 




(Michel et al., 
2005) 
SF2 Nef.GFP EDAA SF2 Nef mutant fused to GFP Fackler lab, 




SF2 Nef double mutant fused to GFP This work 
SF2 Nef.GFP F195A SF2 Nef mutant fused to GFP Fackler lab, 
(Michel et al., 
2005) 
SF2 Nef.GFP G2A SF2 Nef mutant fused to GFP Fackler lab, 
(Michel et al., 
2005) 
SF2 Nef.GFP LLAA SF2 Nef mutant fused to GFP Fackler lab, 
(Michel et al., 
2005) 
SF2 Nef.GFP VGFAAA SF2 Nef mutant fused to GFP Fackler lab, 
(Michel et al., 
2005) 
SF2 Nef.GFP S6A SF2 Nef mutant fused to GFP (Wolf et al., 2008) 
SF2 Nef.GFP M20A SF2 Nef mutant fused to GFP (Chaudhry et al., 
2005) 
HIV-1 NL4.3.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
HIV-1 NA7.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
HIV-1 8161K9.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
HIV-1 YBF30.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
HIV-2 Ben.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
HIV-2 Cbl23.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
SIV cpz Gab2 Nef.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
SIV cpz Tan3 Nef.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
SIV mac239 Nef.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
SIV gsn Nef.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 





SIV mon Val Nef.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
SIV Ben Nef.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
SIV blue Nef.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
SIV blue Nef.YFP RRAA SIV blue Nef mutant fused to YFP (Rudolph et al., 
2009) 
SIV blue Nef.YFP R129A SIV blue Nef mutant fused to YFP (Rudolph et al., 
2009) 
SIV blue Nef.YFP ELAA SIV blue Nef mutant fused to YFP (Rudolph et al., 
2009) 
SIV smm Fwr 1 Nef.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
SIV smm Ffm 1 Nef.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
SIV agm Sab Nef.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
SIV agm Tan 1 Nef.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
SIV sykes 51 Nef.YFP Expression of Nef.YFP fusion protein (Rudolph et al., 
2009; Schindler et 
al., 2006) 
SrcN18.GFP Expression of N-terminal 18 aa of Src fused to GFP 
protein  
Fackler Lab (Pan 
et al., 2013) 
syn Vpu.GFP (wt) Standard Vpu allele used, expression of Vpu fusion 
proteins by cloning syn vpu into  
pEGFP-N1 via EcoRI and BamHI 
(Tervo et al., 
2011) 
syn Vpu.GFP S52/56A syn Vpu mutant fused to GFP Fackler Lab 
syn Vpu.GFP A14LW22A syn Vpu mutant fused to GFP Fackler Lab 
syn Vpu.GFP V25Y29G syn Vpu mutant fused to GFP Fackler Lab 
syn Vpu.GFP R30K31A syn Vpu mutant fused to GFP Fackler Lab 
syn Vpu.GFP TM VSV-G syn Vpu mutant fused to GFP This work, (Haller 
et al., 2014) 
Lck.GFP Expression of Lck fusion protein by cloning lck into 
pEGFP-N1  
Fackler Lab (Pan 
et al., 2012) 
 
2.1.7 Primers 
Description Primer Sequence 5'->3' 




Cloning SF2 Nef and Δ12-39, AXXA and F195I mutants 
into pNL4.3 IRES.pDisplay.YFP 
Fwd ctaaagaatagtgctgttaacttgctcaatgcc 




μMACS GFP Isolation Kit Miltenyi Biotec 
CD4 isolation kit Miltenyi Biotec 
CD8 isolation kit Miltenyi Biotec 
Detach Kit for Endothelial Cells  PromoCell 
NucleoBond PC 500 Macherey-Nagel 
NucleoSpin Gel and PCR Clean-up Macherey-Nagel 
NucleoSpin Plasmid Macherey-Nagel 
Pierce BCA protein assay  Thermo Scientific 
Pierce microBCA protein assay  Thermo Scientific 
QIAfilter Plasmid Midi Kit Qiagen 
 
2.1.9 Bacterial culture media 
Name Component Concentration/Quantity Comments 
LB NaCl 86 mM add H2O and adjust to pH 7.2, autoclave 
 Tryptone 0.5% (w/v)  
 Yeast 
extract 
1% (w/v)  
LB agar 
plates 
agar 1.25% add when warm into plastic petri dishes 
 LB   
TB    
Solution A glycerine 4 ml autoclave solutions separately and then mix 
when <60°C 
 H2O 900 ml  
 Trypton 12 g  
 Yeast 
extract 
24 g  
Solution B H2O 100 ml  
 K2HPO4 12.5 g  
 KH2PO4 2.3 g  
 
2.1.10 Bacterial strains 
E. coli Genotype Company 





Stble2 F– mcrA Δ(mcrBC-hsdRMS-mrr) recA1 endA1 lon gyrA96 thi supE44 
relA1 λ– Δ(lac-proAB) 
Life 
technologies 
DH5-α F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK–, 




2.1.11 Cell culture media 
Cell line/type Components 
Adherent cell lines  DMEM (Gibco) 
 FCS 10% (v/v) (Biochrom) 
 Penicillin (100 U/ml) 
 Streptomycin (100 μg/ml) 
Suspension cell lines (except CCR7)  RPMI 1640 (Gibco) 
 FBS 10% (v/v) 
 Penicillin (100 U/ml) 
 Streptomycin (100 μg/ml) 
CCR7  DMEM  
 FBS 10% (v/v) 
 Penicillin (100 U/ml) 
 Streptomycin (100 μg/ml) 
 2 mM glutamine 
 10 mM HEPES (pH 7.4) 
 1 mM sodium pyruvate 
 1x NEAA (Life Technologies) 
 45.76 μM β-Mercaptoethanol 
Cell freezing medium 90% (v/v) FBS  
 10% (v/v) DMSO 
HUVECs Basal Endothelial Cell Growth Medium (PromoCell) 
 EGCM supplement mix 1 or 2 (PromoCell) 
Cryo-SFM Medium (for endothelial cells) PromoCell 
 
2.1.12 Eukaryotic cell lines 
Cell line  Description Reference 
Jurkat TAg  Acute T cell leukemia-derived 
cell line expressing the SV40 
large T antigen 
(Northrop et al., 1993) 
Jurkat CCR7  Acute T cell leukemia-derived 
cell line stably transfected with 
CCR7 
(Ott et al., 2004) 
Jurkat E6.1  Acute T cell leukemia-derived (Weiss et al., 1984) 




cell line, IL-2 producing  
A3.01  Acute lymphoblastic leukemia-
derived  
(Folks et al., 1985) 
HeLa TZM-bl  Human cervical epithelial cancer 
cell line, HeLa derivative; 
contains HIV-1 Tat-regulated 
luciferase and ß-galactosidase 
reporter genes 
(Wei et al., 2002) 
HEK 293T  Human embryonic kidney cells 
expressing the SV40 large T 
antigen  
(Pear et al., 1993) 
 
2.1.13 Primary cells 
Name  Source/Company 
Human Peripheral Blood Mononuclear 
Cells (PBMCs) 
Buffy Coats obtained form the Heidelberg University 
Hospital Blood Bank 
Human Lymphocytes 
Buffy Coats obtained form the Heidelberg University 
Hospital Blood Bank 
Human Umbilical Vein Endothelial Cells PromoCell 
 













μ-dish 50 mm, low (uncoated) Ibidi 
6-, 12-, 48-, 96-well plates (tissue culture)  BD Biosciences 
24-well plate Orange Scientific 
96-well U bottom Orange Scientific 
96-well V bottom BD 
Falcon Conical Tubes 15 and 50 ml  BD Biosciences  
Cellview Cell Culture Dishes, Glass Bottom 
(4 compartments) Greiner bio-one 




Conical Tubes 50 ml Orange Scientific 
Counting chamber  Neubauer-improved Marienfeld-Superior 
Cover glasses  Thermo Scientific 
Cryotubes 1.5 and 2 ml  Greiner bio-one 
Electroporation cuvettes 0.4 cm  Life Technologies 
F 96 Maxisorb plate Nunc 
LS column Miltenyi Biotec 
LucentBlue X-ray film  Advansta 
Microscope slides  Marienfeld-Superior 
PCR tubes 0.2 ml Sarstedt 
PCR 8er SoftStrips 0.2 ml  Biozym Scientific GmbH 
Protran BA85 Nitrocellulose Membrane GE Healthcare Life Science 
Reaction tubes 1.5ml  Sarstedt 
Syringe Driven Filter unit 0.22, 0.45 μm  Merck Millipore 
Tissue culture dishes 15 cm Orange Scientific 
Tissue culture flasks T25, T75, T175  BD Biosciences 
Transwell filter 3 μm Corning 
Transwell filter 5 μm Corning 
Tubes for Micro-Rack-System 1.2 ml (FACS) Steinbrenner Laborsysteme 
Whatman blotting paper  GE Healthcare Life Sciences 
White plates 96 well Costar 
 
2.1.16 Equipment  
Name Company 
AutoMACS Pro Seperator Miltenyi Biotec 
Balance (Explorer) Ohaus 
Biofuge Fresco Table top centrifuge Heraeus 
CFX 96 Real Time PCR detector BioRad 
Climatisation control for Nikon microscope PerkinElmer 
Climatisation control for Spinning disc and Zeiss 
microscope EMBL 
Electrophoresis system 2-D Hoefer 
Flow cytometer FACS Calibur BD Biosciences 
Flow cytometer FACS Verse BD Biosciences 
Gel iX Imager INTAS Science Imaging 
Gene Pulser Xcell Bio-Rad 
Gliseal Borer Chemie 
Infors HT bacterial shaker Infors 
IX81 S1F-3 microscope Olympus 




J2-Hc Centrifuge with JA-20  or F10-6x500/JA-10 
rotor Beckman Coulter 
L8-70M and XL-70 Ultracentrifuge with SW28 
and SW32 rotor Beckman Coulter 
Luer-Lok 1, 2, 10, 20 and 50 ml syringes  BD Biosciences 
Luminoscan Ascent Thermo Scientific 
Megafuge 1.0R Heraeus 
Migration chamber for flow movies (handmade) 
Kindly provided by  
Ruth Lyck 
Multiskan EX ELISA reader Thermo Scientific 
NanoPhotometer Implen 
Nanosight NS300 Malvern 
Nikon microscope Ti-E Nikon 
OctoMACS Magnet Miltenyi Biotec 
Open-top polyallomer centrifuge tubes 25 x 89 
mm  Seton 
pH Meter 761 Calimatic Knick 
Semidry blotter Cti 
Stericup Filterng Devices  Millipore 
Syringe Pump Harvard Apparatus 
Thermocycler Biometra, Eppendorf 





ApE Wayne Davis 
Cell M Olympus 
Cell Quest Pro BD Biosciences 
CFX Manager BioRad 
Cyflogic CyFlo Ltd 
Endnote Thomson Reuters 
Excel Microsoft 
FACSuite BD Biosciences 
FlowJo V10 FlowJo 
Graph Pad Prism 5 GraphPad software 
Illustrator CS5 Adobe Systems Inc. 
ImageJ NIH 
NIS Elements Nikon 
Photoshop CS5  Adobe Systems Inc. 




Powerpoint  Microsoft 
Quantity One BioRad 
SnapGene Viewer  GSL Biotech 
UCSF Chimera 1.10.1 UCSF 
Velocity Perkin Elmer 
Word  Microsoft 
 
2.2 Molecular biology methods  
2.2.1 Transformation and culture of bacteria 
50 μl of StblII or DH5a bacteria were thawn on ice. Bacteria were added onto 1 μg of 
plasmidic DNA or a ligation reaction. The mix was incubated for 5 min on ice and then 
transferred to the heat block to undergo heat shock for 90 seconds at 42ºC. Bacteria 
were immediately taken onto ice and incubated for 10 minutes. 1 ml of LB medium was 
added and bacterial culture was shaken at 37ºC for one hour. Cultures were then 
centrifuged, supernatant was discarded and the pellet was resuspended in 50-100 μl LB 
medium to be spread on LB-agar plates containing the appropriate antibiotic. After 
overnight growth at 37ºC, a single colony was picked and resuspended in 5 ml 
(Miniprep) or 200 ml (Maxiprep) of LB medium to be grown overnight. 
2.2.2 Isolation of plasmidic DNA from bacteria 
2.2.2.1 Miniprep 
NocleoSpin® Plasmid kit (Macherey-Nagel) was used according to manufacturer’s 
instructions. 3 ml of bacterial culture were centrifuged (10.000 rpm, 5’, 4ºC). The 
supernatant was discarded and bacteria were resuspended in 300 μl of buffer S1 
containing RNase A. After addition of 300 μl of lysis buffer S2, the tubes were inverted 
6 times and incubated at room temperature for 5 minutes. 300 μl of buffer S3 were then 
added to neutralize the reaction. Following a centrifugation step to get rid of the 
precipitates, the supernatant was transferred and made run through a mini spin column, 
washed with buffer Wash and eluted with 30 μl Elution buffer in subsequent 
centrifugation steps at 13.000 rpm during 5 minutes at 4ºC.  
2.2.2.2 Maxiprep 
Nucleobond PC 500 kit was used following the manufacturer’s instructions. 200 ml of 
bacterial culture were spun (5.000 rpm, 15’, 4ºC) and resuspended in 12 ml of ice cold 
buffer S1. 12 ml of lysis buffer S2 were added and the lysate was incubated for 5 
minutes at room temperature. The reaction was then neutralized with 12 ml of ice cold 
buffer S3 and incubated for 10 minutes on ice. After a centrifugation step to get rid of 
the cell debris, the clarified lysate was applied to and run through a previously 
equilibrated Nucleobond 500 PC column and washed twice with washing buffer. Next, 
bacterial DNA was eluted with 15 ml of elution buffer and precipitated with 15 ml of 




isopropanol. After centrifugation the pelleted DNA was washed one last time with 70% 
ethanol and air-dried. DNA was finally dissolved in 100 μl H2O for at least 2 hours at 
4ºC. 
2.2.2.3 DNA concentration and purity 
DNA concentration and purity were measured using a Nanophotometer (Implen) and 1 
μl of the DNA solution. The DNA concentration was quantified by measuring optical 
density (OD) at 260 nm. To determine the purity of the isolated DNA protein 
concentration was quantified by measuring OD at 280 nm. Purity was considered 
acceptable when the ratio OD260/OD280 resulted in a value between 1.8 and 2. 
2.2.3 Polymerase chain reaction (PCR) 
For each standard PCR reaction the following components were handled on ice and 
added into 0,2 ml tubes: 
Component Volume 
H2O 31 μl 
Phusion HF Buffer 5x 10 μl 
dNTP (10 mM stock) 1 μl 
Forward primer (10 μM 
predilution) 
2.5 μl 
Reverse primer (10 μM predilution) 2.5 μl 
Template DNA (10 ng/μl) 1 μl 
DMSO 1.5 μl 
Phusion Polymerase 0.5 μl 
 
The thermocycling program used was the following:  
 
 
5 μl of the obtained PCR products were loaded and run on a 1% agarose gel in order to 
monitor successful amplification. 
Step Temperature Duration 
1) Initial denaturation 98°C 30 sec 
2) Denaturation 98°C 10 sec 
3) Annealing 55°C 30 sec 
4) Elongation 72°C 1 min per kbp 
5) Final extension 72°C 7 min 
6) store  4°C 
30 x 




2.2.4 Electrophoretic separation of DNA 
Separation DNA purification was achieved through electrophoresis in agarose gel. 3 μl 
of Midori Green were added to 50 ml of 1% agarose in TAE Buffer 1x (w/v). DNA 
samples were mixed with DNA Sample Buffer prior to being loaded onto the gel. Size 
was evaluated via comparison to 1 kb DNA Ladder which was, when possible, loaded 
in a central lane of the gel. Gels were run at 80 V for 30-40 minutes. DNA was then 
visualized under UV light. If needed, DNA fragments were excised by using a fresh 
scalpel and the DNA for their subsequent purification. 
2.2.5 PCR product and DNA purification 
Purification of PCR products as well as of agarose gel-embedded DNA was performed 
using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) according to the 
manufacturer’s instructions. 50 μl of H20 were used for elution of DNA.    
2.2.6 DNA restriction 
Both for analytical and preparative restriction, DNA was digested with the appropriate 
restriction enzymes in the following proportions for a 25 μl reaction: 
Component  Volume 
Restriction enzyme A  1 μl 
Restriction enzyme B 1 μl 
DNA  1 μl 
CutSmart Buffer  2.5 μl 
Nuclease-free water  To 25 μl 
 
For analytical DNA restriction the reaction was incubated at 37ºC for 30 minutes. 
Incubation time was increased to a minimum of 60 minutes for preparative purposes and 
more restriction enzyme was added if necessary.  
2.2.7 Ligation  
In order to perform ligation, the digested and purified vector and insert were mixed in a 
way that a vector-to-insert molar ratio between 1:2 and 1:3 was achieved. 2 μl of 10x T4 
ligase buffer and 1 μl of T4 DNA ligase were added to the DNA mix and incubated for 
2h at room temperature before it was used for transformation of bacteria (see ). 
2.3 Cell biology Methods 
2.3.1 Cell line culture 
Cells were cultivated in the appropriate culture media at 37°C and 5% CO2, humidified 
atmosphere. Passage of adherent cells was carried out 2 to 3 times a week depending on 
the growth speed. For that purpose, cells were washed with PBS and trypsin/EDTA was 
added for detachment adjusting the volume so it would just cover the bottom of the 




flask with a thin layer (1 ml for T75; 2 ml for T175). Detachment was monitored by 
eye. A 9x volume of complemented medium was added into the flask to inactivate 
trypsin and detachment was facilitated by pipetting medium on the still undetached 
cells. Splitting was carried out at 1:10 dilution (dependent on growth rate and 
experiment plans). Suspension cell lines were cultured at 0.3-1 x 106 cell/ml in their 
respective vulture media. Splitting was typically performed at 1:4 dilution every 2-3 
days, depending on growth rate and experiment plans. A3.01 cells were observed to 
show higher polarization rates after transfection when denser, so for polarity assay they 
were allowed to grow up to 2 x 106 cell/ml. 
2.3.2 Freezing and thawing of cells 
Cell line stocks storage was achieved by cryoconservation in liquid nitrogen. To that 
end, 1x107 cells were centrifuged at 1200 rpm for 5 minutes and the pellet was 
resuspended in 1 ml freezing media and transferred into a cryotube. Cells were frozen at 
-80°C either in freezing containers for 24 hours before they were taken to a liquid 
nitrogen-containing tank for long term storage. Thawing of cells was carried by 
submerging the bottom of the tube in the water-bath at 37°C. Thawed cells were rapidly 
transferred to 15 ml falcon tubes containing 10 ml of pre-warmed medium and spun 
down. Cell pellets were resuspended in the appropriate media (see ) and cultured 
initially in low volumes (3-5 ml) which were progressively increased once cells had 
recovered from freezing-thawing stress. HUVECs were frozen the same gradual way in 
Cryo-SFM medium (PromoCell) in a concentration of 10 x 106 cell/ml. When thawed, 
they were directly added onto supplemented ECGM. 
2.3.3 Cell transfection 
2.3.3.1 Electroporation 
Transient transfection of plasmidic DNA was achieved by electroporation using a Gene 
Pulser Xcell (Bio-Rad). To that end, the appropriate number of cells was resuspended in 
non-supplemented medium, since the presence of FCS is known to diminish 
transfection efficiency. For A3.01 cells, 18 μg of plasmidic DNA were used and 1 x 107 
cells were pulsed at 350 V and 950 μF. For CCR7 cells, 60 μg of plasmidic DNA were 
used and 1 x 107 cells were pulsed at 250 V and 950 μF.  Immediately after pulsing, 
cells were transferred into 6-well plates containing 3 or 5 ml pre-warmed supplemented 
medium (for polarity assay or all other assays, respectively). Cells were then culture at 
37ºC and 5% CO2 until they were used for the subsequent assay.  
2.3.3.2 Cationic polymer transfection using Pei 
HEK293T cells were seeded 24 hours earlier in 15-cm culture dishes (5x106 cells/dish). 
DNA and Pei were mixed in a 1:3 in 7.5 ml Optimem/culture dish. The transfection mix 
incubated for 60 min at room temperature and added then dropwise to the cell culture. 
This type of transfection was used for HIV-1 or lentiviral particle production (see 2.3.8 
and 2.3.9). 




2.3.4 Treatment with pharmacological inhibitors 
The impact of pharmacological inhibition of NAKC members in T cell polarity was 
evaluated on A3.01 transfected cells. To that end, 2 hours pot-transfection cells were 
harvested, resuspended in 4 ml of supplemented RPMI, split into two and transferred 
into p24-well plates. The appropriate volume of each inhibitor was then pipetted onto 
the culture and, after gentle shacking of the plate, cells were cultured for another 6 
hours until being subjected to polarity assay (see ).  
2.3.5 Isolation of human PBMCs 
Human peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation in 
Ficoll gradient from buffy coats of healthy individuals provided by the Blood Bank of 
Heidelberg University Hospital. Buffy coats were diluted 1:1 with sterile 1x PBS and 34 ml 
of the mix were used to overlay 15 ml of Ficoll. The two-phase obtained solution was 
centrifuged at room temperature at 2000 rpm without break for 30 min. PBMCs 
accumulated at the interphase were collected and washed with sterile 1x PBS and 
centrifuged at 1600 rpm for 7 min. Typically the obtained pellets were red, so lysis of 
erythrocytes was performed by resuspending the pellet in 5 ml ACK lysis buffer for 5 min, 
mixing the cell suspension every 1 minute. Next, an excess of 1x PBS was added and cell 
suspension centrifuged at 1400 rpm for 7 min. After one last wash and centrifugation step 
(1200 rpm, 7 min), monocyte depletion was performed by incubating 2 x 108 cells in 20 ml 
of supplemented RPMI on a T175 flask in horizontal position for 2 hours. The supernatant 
was collected and cells were resuspended in fresh RPMI++ containing 10 ng/ml of IL2 at a 
concentration of 3 x 103 cell/ml. Cells were then activated for their subsequent infection 
(see 2.3.6 and 2.3.7). 
2.3.6 Standard lymphocyte activation 
For standard activation, 10 ng/ml of IL-2 and 2 μg/ml of PHA-p were added to the 
supplemented RPMI medium of isolated PBMSs and they were incubated for 72 hours. 
2.3.7 Activating surface: anti-CD3/anti-CD28 activation 
In order to activate EV-producer A3.01 human T lymphocytes, activating surfaces were 
used; i.e. anti-CD3 and anti-CD28 antibody-coated surfaces. Goat anti-mouse IgG, Fc 
Fragment (Jackson Immunoresearch) antibody was diluted in carbonate/bicarbonate 
buffer solution at a concentration of 0.5 mg/ml and applied on to the surface to be 
coated. After 2h incubation at room temperature, the antibody solution was sucked 
away and the surface was washed 3 times with 1x PBS containing 0.5% FCS. Then a 
carbonate/bicarbonate tampon buffer based solution containing anti-CD3 and anti-CD28 
antibody (both at 0.5 mg/ml) was applied to the surface. Following three final washings, 
cells were added onto the surface (flask or culture plate) and incubated overnight at 
37ºC and 5% CO2.  
2.3.8 3 x 3 lymphocyte activation 
This protocol was developed by Dr. Andrea Imle in order to optimize infection with 
pNL43 IRES.pDisplay.YFP sortable HIV-1 virus. Tissue culture flasks were coated 




with anti-CD3 antibodies contained in OKT3 hybridoma supernatant overnight at room 
temperature with mild shaking 24 hours prior PBMC isolation. PBMC from three 
donors were isolated as detailed in 2.3.4 and, following CD8+ T cell-depletion by 
magnetic isolation according to the manufacturer’s protocol with an autoMACS pro 
separator (Miltenyi Biotec), cells from the three donor were pooled and subjected to 
activation in parallel with 0.5 μg/ml PHA (low PHA), 5 μg/ml PHA (high PHA) or 
activating (anti-CD3 coated) surfaces for 72 h at 3x106 cells/ml. Cells activated by the 
three different methods were pooled and infected (see ). 
2.3.9 HIV-1 production 
HEK293T cells 6 x 106/15-cm culture dish cells were seeded at one day before 
transfection. For each 15-cm plate, 25 μg of proviral DNA were added in 1.5 ml of 
Optimem containing 75 μl Pei (1 mg/ml) and mixed by inverting the tube once or twice. 
The mix was incubated for 60 min at room temperature and added gently dropwise to 
each culture dish. Supernatants were harvested two and three days after transfection, 
filtered using 0.45 μm pore size filters. Typically virus was subjected to concentration 
by ultracentrifugation of the cleared supernatant through a 20% sucrose cushion (24.000 
rpm, 1.5-2 h). The pelleted virus was resuspended in supplemented RPMI medium, 
aliquoted and stored at -80°C. Virus titers were evaluated by p24 ELISA or SG-PERT 
(see 2.3.17 and 2.) and infectivity was determined by Blue cell assay (see 2.3.19). Half 
of the cells on a 15 cm culture dish were lysed in 2x sample buffer and protein 
expression was analyzed by Western Blot.  
2.3.10 p24 ELISA 
Mouse-anti-CA 183 antibody was used to coat Maxisorb 96-well plates overnight at room 
temperature in a humidified atmosphere. Following three washing steps with PBS-T, plates 
were blocked with 200 μl 10% FCS/PBS for 2 h at 37°C. Viral supernatants were 
inactivated by mixing them with 10% Triton at a 1:10 ratio. 100 μl of these samples and of 
p24 standard were pipetted into each well of the plate in duplicates. Seven 1:1 serial 
dilutions of the latter were prepared in PBS-T resulting in concentrations ranging between 
50 ng and 0.78 ng p24. A negative PBS-T control was also included. Virus samples were 
diluted 1:20, 1:200, 1:2000 and 1:20000. The plates were incubated overnight in a wet 
chamber at room temperature. The next day and after 3 washing steps with PBS-T, plates 
were incubated with polyclonal rabbit-anti-CA serum for 1 h at 37°C. Plates were washed 
again prior addition of a peroxidase-conjugated goat-anti-rabbit antibody for 1 h at 37°C. 
After one last washing step, 100 μl of peroxidase substrate were added to each well. 
Development of blue color was facilitated by gentle shaking and the reaction was stopped 
2-5 min later by the addition of 50 μl of 0.5M H2SO4 to each well inducing a color change 
to yellow. p24 concentration was finally correlated to photometric measurements performed 
using a Multiskan EX photometer by interpolation in the linear range of the standard curve. 
2.3.11 SG-PERT 
Quantification of HIV-1 particles in cell culture supernatant was performed by the 
SYBR Green-I product-enhanced reverse transcriptase (SG-PERT) assay (Pizzato et al., 




2009; Vermeire et al., 2012). To that end, serial 1:10 dilutions of standard virus 
supernatant with known reverse transcriptase activity and plane dilution buffer as 
negative control were used. 5μl of virus supernatant samples or standard were lysed 
with 5μl of 2x SG-PERT lysis buffer containing RNase inhibitor (RiboLock). After 10 
minutes incubation at room temperature, 90 μl of 1x SG PERT PCR buffer were added. 
10 μl of lysed virus samples and standards were transferred to PCR tubes and 10 μl of 
2x SG-PERT reaction buffer containing GoTaq Hotstart Polymerase (1 μl polymerase 
for 100 μl 2x reaction buffer) were added. Accumulation SYBR Green signal was 
detected by RT-PCR using the following thermocycling program: 
Step Temperature Duration 
RT reaction 42°C 20 min 
Taq Activation 95°C 2 min 
Denaturation 95°C 5 sec 
Annealing 60°C 5 sec 
Extension 72°C 15 sec 
Acquisition 80°C 7 sec 
Concentration of RT activity per μl was assessed according to the standard curve using 
CFX Manager software. 
2.3.12 Infectivity assay: blue cell assay 
As a way to characterize the infectivity of HIV-1 virus after its production a HeLa based 
reporter system was used, the so called blue cell assay. The target cells for this assay, 
TZMbl cells, stably express two reporter genes under the HIV promoter, namely 
luciferase and β-galactosidase. One day prior to being infected, 5 x 103 TZMbl cells 
were seeded in each well of a 96-well plate and they were cultured at 37ºC and 5% CO2. 
The following day, serial dilutions of the concentrated virus were added on the cells 
starting with a 1:102 dilution and diluting it further to 1:106 and the plate was placed in 
the incubator for another 48 hours. After this time, supernatant was sucked away, cells 
were washed with PBS and they were fixed in ice cold 1:1 (v/v) acetone/methanol 
mixture. Following incubation at -20ºC, 100 μl of the reaction substrate, β-Gal 
supplemented with 200 μg/ml X-Gal, were added onto each well and the plate was 
incubated for 3 hours at 37ºC. After this incubation time the number of infected cells 
was evaluated by eye due to the blue coloration derived from the β-galactosidase 
activity and the processing of the substrate and subsequent oxidation of the subproduct. 
2 x 104 blue cell units of virus were used to infect 2 x 105 target cells (see 2.3.9). 
2.3.13 HIV-1 infection 
Infection of primary lymphocytes was carried out by standard spin infection. The format 
chosen for infection was a U-bottom, 96-well plate containing 2 x 105 PBMCs (CD8+ T 
cell-depleted or not) and an amount of virus to yield at least 2 x 104 blue cell units 
(MOI=1 or more, being never higher than 3) with a total volume of 100 μl/well. To 
achieve the mentioned conditions, concentrated virus and activated cells were 
30 x 




resuspended in the required amount of supplemented RPMI medium containing 4 μg/ml 
of Polybrene. The plates were then centrifuged at 2000 rpm for 90 minutes at 37ºC and 
incubated 4-6 h at 37ºC and 5% CO2 prior to medium change to avoid toxicity by 
polybrene. Cells were cultured in supplemented RPMI containing 10 ng/ml of IL2. 72 h 
later, cells were either subjected to polarity assay or purified by magnetic sorting (see ). 
2.3.14 Sorting of pNL4.3 IRES pDisplay.YFP infected cells  
Following 3x3 stimulation (see ) and infection with pNL4.3 IRES.pDisplay.YFP, CD8+ 
depleted lymphocytes were sorted and enriched. Magnetic sorting is only successful if 
more than 2% of lymphocytes are infected, as determined by the number of YFP 
positive cells detected by FACS. 1x107 total cells were resuspended in 97 μl of ice cold 
MACS buffer and 3 μl anti-GFP beads (Miltenyi Biotec) were added (for 2% infected 
cells) or a higher volume depending on the percentage of infected cells. After mixing 
and 15 minutes incubation at 4ºC, a washing step with MACS buffer was performed to 
get rid of the non-bound beads and cell were pelleted down. Cells were the resuspended 
in 500 μl of MACS buffer and applied to pre-equilibrated LS columns placed on an 
OctoMACS magnet. 4 washing steps with 500 μl MACS buffer were carried out and 
elution of YFP positive cells took place as columns were removed from the magnet in 1 
ml MACS buffer. Eluted cells were subjected to a second round of magnetic selection 
by being applied to a second pre-equilibrated LS column. After the second elution step, 
isolation efficiency was determined by flow cytometry and also samples collected 
during the complete process. As a result of this process YFP positive, infected cells 
were enriched to 90-96%. 
2.3.15 Production of lentiviral vectors 
As a way to deliver exogenous DNA into A3.01 cells for expression of GFP, Nef.GFP 
or Vpu.GFP, lentiviral vectors were used. To that end, 6 x 106 HEK293T cells were 
seeded per 15 cm tissue culture dish. One day later, cells were transfected using 711 μl 
of Pei and 112.5 μg of the pWPI expression vector including the gfp, nef and gfp or vpu 
and gfp genes, 73 μg of pPax2 vector containing all structural lentiviral genes for 
packaging and the protease gen, 40 μg of VSV-G vector for pseudotyping of the 
lentiviral particles favoring fusion to most cell types and 11.5 μg of pAdvantage for 
enhancement of expression. The described amounts of DNA and Pei were added to 7.5 
ml optimem medium and the transfection mix was added gently to the cell culture 
dropwise after 60 minutes incubation at room temperature. Cell supernatant was 
collected 72 hours later, clarified by filtration through 45 μm pore-size filters and 
subjected to concentration by 20% sucrose cushion ultracentrifugation (24000 rpm, 1.5-
2 h). Pellets were then resuspended in supplemented RPMI, aliquoted (typically 100 μl) 
and stored at -80ºC.    
2.3.16 Transduction of A3.01 cells 
One aliquot of the produced lentiviral vectors was used for titration. Different volumes 
of lentiviral particles (typically 60, 30 and 10 μl) were added onto 2 x 106 A3.01 cells 
contained in a total volume of 400 μl/well of a 24-well plate. Cells were centrifuged at 




2000 rpm for 90 minutes and incubated for 48 hours at 37ºC and 5% CO2. After this 
time, transduction efficiency was analyzed by measuring the expression of by FACS 
using untransduced cells as negative control for establishing the gating. Once 
determined the optimal volume for transduction, A3.01 cells were transduced following 
the same protocol used for the prior titration. 
2.3.17  Lck retargeting assay 
One day after transfection, 5 x 105 A3.01 cells contained in 50 μl of supplemented 
RPMI were seeded onto coverslips previously coated with 0.01% Poly-L-Lysin. After 
incubation 10 minutes incubation at 37ºC, cells were fixed using 3% PFA in PBS (v/v) 
and incubated for another 15-30 minutes at room temperature, permeabilized with 0.1% 
Triton-X100 for 2 minutes and blocked in 1% BSA in PBS (v/v) for 30 minutes at room 
temperature. After washing with 1x PBS, mouse anti-human Lck antibody (1:50, in 1% 
BSA in PBS, Santa Cruz) was added and incubated for 2 h at room temperature. 
Coverslips were washed 3 times with 1x PBS and incubation with the secondary goat 
anti-mouse antibody coupled to Alexa-568 (1:2000, in 1x PBS, Invitrogen) was carried 
out for 1 h at room temperature protected from light. After 3 washing steps with 1x 
PBS, coverslips were mounted on microscopy slides using Linmount, let dry for 2 h at 
room temperature protected from light and stored at 4ºC until analyzed by microscopy. 
When cotransfected for ectopic expression of Lck.RFP, cells were directly mounted 
after fixation.  
2.3.18 Polarity assay 
6 hours post-transfection/post-inhibitor treatment or 72 hours post-infection, 3-5 x 105 
A3.01 cells or monocyte depleted, standard activated PBMCs respectively, contained in 
100 μl of supplemented RPMI were seeded onto Fibronectin-coated coverslips (30 
μg/μl, 1 hour at room temperature) and placed in the incubator for 2 hours. After this 
time, they were taken out of the incubator very gently to avoid shaking and they were 
fixed using 3% PFA in PBS (v/v) and incubated for another 15-30 minutes at room 
temperature. Cells were then permeabilized with 0.1% Triton-X100 for 2 minutes and 
blocked in 1% BSA in PBS (v/v) for 30 minutes at room temperature. Following 
washing with 1x PBS, mouse anti- CD44 antibody (1:800, in 1% BSA in PBS, 
Biolegend) was added and incubated for 2 h at room temperature. Coverslips were 
washed 3 times with 1x PBS and incubation with the secondary goat anti-mouse 
antibody coupled to Alexa-568 (1:2000, in 1x PBS, Invitrogen) was carried out for 1 h 
at room temperature protected from light. After washing with 1x PBS, coverslips were 
mounted using Mowiol, let dry for 2 h at room temperature protected from light and 
stored at 4ºC until analyzed by microscopy. 
2.3.19 Immunofluorescence 
Cell phenotype frequencies were quantified using an epifluorescence microscope (Olympus 
IX81 S1F-3). At least 100 transfected cells or 30 infected cells were evaluated for their 
phenotype as compared to untransfected or uninfected neighboring. Lck retargeting 




confocal images were acquired using a spinning disc confocal microscope (Perkin Elmer 
Ultra-View ERS-6). All other images were acquired using the epifluorescence microscope. 
2.3.20 Flow Cytometry 
This technique was used to assess infection efficiency by determination of the 
percentage of p24-CA positive cells (72 hours post-infection), transfection efficiency by 
determination of the percentage of GFP or RFP positive cells (typically 48 hours post-
transfection), the effect of the expression of Vpu and Nef and their mutants on the 
expression of cell surface proteins, namely CD4, MHC-I, CD317 and Tetraspanins (48 
hours post-transfection), and to quantify the proportion of migrated cells in chemotaxis 
assay. To this end, cells were inactivated with 10% Triton at a 1:10 ratio for 90 minutes 
(only for infected cells), washed with PBS and transferred to a suitable format (1.5 ml 
reaction tubes, 1.2 ml FACS tubes or V-bottom 96-well plate). Following a 
centrifugation step at 1200 rpm for 5 minutes, cells were resuspended in 100 μl PBS or 
a 1:20 dilution of the appropriate antibody and incubated on ice in the dark for 60 
minutes. After washing with PBS supplemented with 0.5% FCS, cells were taken up in 
200 μl PBS 0.5% FBS for flow cytometry analysis using the BD FACS Calibur or the 
BD FACS Verse. 10,000 events were typically acquired and analyzed using the 
Cyflogic or FlowJo software. 
2.3.21 Chemotaxis assay 
24 hours post-transfection, Jurkat CCR7 cells were starved in DMEM medium 
containing 0.5% FCS for 2-4 hours at 37ºC and 5% CO2. Meanwhile, 450 μl starvation 
medium containing 10 ng/ml SDF-1α or not were added to the wells of a 24-well plate. 
Next, transwells (5 μm pore size, Corning)  pre-equilibrated with the same starvation 
medium were applied onto the wells and simultaneously 100 μl starvation medium 
containing 1 x 106 cells were pipetted into the transwell. Following 2 hours incubation 
at 37ºC and 5% CO2, cells were harvested and total GFP-expressing cells cell numbers 
of the input and of the chemoattracted cells were quantified by flow cytometry. Nef 
Inhibitory effects were evaluated as the ratio of the percentage of migrated GFP-
expressing cells and transfection efficiency relative to GFP controls, which were 
arbitrarily set to 100%. 
2.3.22 Extracellular vesicle isolation 
EV-producer cells were cultured in supplemented RPMI medium containing 10% 
exosome/EV-deprived FCS. The latter was obtained by ultracentrifugation of the 
normally used, inactivated FCS at 28000 rpm for 16 hours. Two different methods were 
used to isolate EVs from cell culture supernatant: the standard differential 
ultracentrifugation method and a commercial isolation reagent. 
The standard differential ultracentrifugation method was performed as previously 
established (Thery et al., 2006). Cell supernatants were harvested, sequentially clarified 
by centrifugation for 20 minutes at 4ºC at 2000 x g first (JA20 rotor, 5000 rpm) and at 
then at 10000 x g (JA20 rotor, 11300 rpm) and filtered using 0.45 μm pore size filter 




(Merck Millipore). Cleared supernatant was then transferred to ultracentrifugation tubes 
and run at 100000 x g at 4ºC for 70 minutes to ensure 60 minutes at maximum speed. 
Extremely carefully to not disturb the pellet and leaving about 100 μl, supernatant was 
transferred into a fresh tube and run again at the same speed and temperature and for the 
same time. Even more carefully than before, supernatant was removed and pellet was 
resuspended in 30-50 μl of KEB lysis buffer.  
Alternatively, the Total Exosome Isolation (form cell culture media) reagent 
(Invitrogen) was used. In this case, cleared supernatants were mixed with the reagent in 
a 2:1 (v/v) ratio. The mixture was incubated at 4ºC overnight and centrifuged at 10000 x 
g for 1 hour at 4ºC. Supernatant was extremely carefully removed and pellet was 
resuspended in 30-50 μl of KEB lysis buffer.   
Protein quantification was measured directly after EV isolation using the BCA or the 
microBCA protein assay kits according to manufacturer’s instructions and samples were 
analyzed by SDS-PAGE and Western Blotting. 
2.3.23 Transendothelial migration assay  
At day one, 50-mm μ-dishes (Ibidi) were coated with Matrigel (BD/Corning) at a 
concentration of 0.225 mg/ml. To that end a silicone ring with the size of a 96-well 
plate well was placed into the dish to delimitate the cell culture area and Matrigel 
(handled on ice) was added and incubated for 1 hour at room temperature. Freshly 
acquired, dense HUVECs were detached using the Detach Kit for Endothelial Cells 
(PromoCell) according to manufacturer’s instructions, stained with trypan blue and 
counted. 2-4 x 104 cells contained in 100 μl of ECGM were added into the silicone 
rings. Four hours later, the medium was replaced for fresh medium containing 200 U/ml 
of TNF-α and incubated overnight (between16 and 18 hours). The following day, 
HUVECs were activated by addition of Sdf-1α to a final concentration of 1 μM. CD8+ 
depleted T lymphocytes stained or not with Cell Tracker dyes (Thermo Fisher) were 
diluted in MAM (preferentially) or binding medium migration media at a concentration 
of 2 x 106 cell/ml. Flow movie chamber was assembled and connected to a syringe 
plugged onto a Syringe Pump (Harvard Apparatus) through the output tube. The input 
tube was submerged into the lymphocyte solution. Flow movies were acquired using an 
inverse light microscope (10 or 20 x objective, Nikon Ti-E) and a withdrawing program 
with shear flow values of 0.1 dyn/cm2 (0.028 ml/min) for the accumulation phase and 5 
dyn/cm2 (1.390 ml/min). 
2.3.24 Software and statistical analysis 
Data analysis and statistical calculations were performed using Microsoft Excel and 
GraphPad Prism. Image editing was carried out using Adobe Photoshop and Illustrator 
CS4. Video editing was performed with ImageJ. Lck accumulation was assed using a 
free-hand tool to define the boundary and the pixel intensity measuring tool of ImageJ. 
Analysis of DNA sequences and cloning strategies were performed and defined using 
Ape and Snapgene software and NCBI Basic Local Alignment Set Tool (BLAST) and 




Expasy Translate free online tools. Statistical significance was calculated by Mann-
Whitney-U-test analysis (***, p<0.001; **, p<0.01; *, p<0.05; n.s., not significant). 
2.4 Biochemistry methods 
2.4.1 Cell and extracellular vesicle lysis 
A3.01 (or other cell lines) EV-producing cells and EV preparations were lysed in ice 
cold KEB lysis buffer. Typically the cell pellet obtained in the first step of EV isolation 
(see ) was lysed in 100 μl of KEB buffer and the EV pellet obtained at the end of the 
isolation process was resuspended in 10-20 μl of the same buffer. Cell lysates and EV 
preparations were handled on ice and stored at -80ºC following protein quantification 
and to SDS-PAGE analysis. 293T virus-producer cells were lysed in 500 μl 6x sample 
buffer for half a 15-cm culture dish. 
2.4.2 Protein quantification  
In order to measure cell lysate and EV sample protein content and to be able to 
normalize loading for SDS-PAGE, the Pierce BCA protein assay and the Pierce 
microBCA Pierce assay were used according to manufacturer’s instructions. 
2.4.3 SDS-PAGE 
SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) was used for 
qualitatitive and quantitative protein detection. To this end, the electrophoresis system 
2-D (Hoefer) was used. Preparation of 10% separating and stacking gels was conducted 
as detailed in the materials section (see ). Samples in 6x sample buffer were boiled at 
95ºC for 10 minutes. EV-producer cell lysates were mixed with 3x non-reducing sample 
buffer as well as EV preparations, adjusting the volume of sample buffer for the latter so 
the desired amount could fit in the gel wells when loading. Volumes corresponding to 
106 cells of cell lysate-3x sample buffer mix and EV-sample volumes containing equal 
amounts of protein also mixed with 3x sample buffer were boiled as described above. 
Gels were mounted on the running chamber containing SDS running buffer. After 5 
minutes wait for cooling, samples were loaded onto the gel and run at 30 mA/gel for 
about 1 hour. ColorPlus prestained protein marker was used as a protein size standard. 
2.4.4 Western blot 
Following SDS-PAGE, the resolved protein content of the samples was transferred onto 
nitrocellulose membranes using a semi-dry blotting apparatus (Cti). To this end, 
Whatman paper was dipped in blotting buffer and used to make a sandwich containing 
the SDS polyacrylamide gel and the membrane. Blotting was achieved after 60 minutes 
at 100 mA/gel. Membranes were then blocked for 1 hour in 5% milk in PBS-T, washed 
3 times with PBS-T, cut (if necessary) and incubated overnight with the primary 
antibodies at 4ºV. After 3-6 10-minute-long washes with PBS-T, the membranes were 
incubated with hoseradish peroxidase-coupled secondary antibodies for 60 minutes. 
Following 4 10-minute-long washes, the enhance chemoluminiscence (ECL) substrate 




was added homogenously on the membrane surface and wiped off after one minute. 
Film exposure times were variable depending on the sample.   
  




3 RESULTS: OVERLAPPING FUNCTIONS BETWEEN NEF 
AND VPU 
As it has been already reviewed in the introduction, redundant functions between the 
HIV-1 pathogenicity factors Nef and Vpu have been previously reported. All of these 
are related to the ability of these two proteins to reduce surface expression levels of a 
short list of receptors, such as CD4, MHC-I, CD1d, or PVR (Chen et al., 2006; Galaski 
et al., 2015; Garcia and Miller, 1991; Kerkau et al., 1997; Matusali et al., 2012; Moll et 
al., 2010; Schwartz et al., 1996; Willey et al., 1992a). We have further studied Nef and 
Vpu overlapping functions which resulted in an expanded list of host cell membrane 
receptors targeted by both viral proteins, as well as describing the shared abilities to 
internalize the host kinase Lck to intracellular compartments and to modify extracellular 
vesicle (EV) secretion (Haller et al., 2014). 
3.1 Both Nef and Vpu are able to downmodulate a broad spectrum of cell 
surface host receptors  
One of the most described effects of the HIV-1 accessory proteins Nef and Vpu is the 
modulation of surface levels of host cell receptors. To analyze the breadth of this effect 
and to identify the target specificity of the viral factors, we studied by flow cytometry 
the susceptibility of a panel of receptors after expression of the viral proteins. A3.01 
human T lymphocytes were transiently transfected for the expression of HIV-1 
Nef.GFP, HIV-1 Vpu.GFP or SIVMac239 Nef.YFP. The expression of these proteins was 
only slightly lower to that obtained after infection in this cell system (Fig. 3.0B). The 
reduction in surface expression of the analyzed cell receptors was calculated as the ratio 
between the mean fluorescence intensity (MFI) values obtained for GFP/YFP positive 
cells (transfected) and for negative cells (untransfected) from the same sample (Fig. 
3.1A, R3 gate vs R2 gate) (Haller et al., 2014). This methodology proved to be suitable 
for determining the effect of isolated expression of the accessory proteins on the levels 
of individual cell surface receptors (Fig. 3.0A, primary data shows efficient 
downregulation or no effect on CD4 and CD49a, respectively, by the expression of 
HIV-1 Nef, HIV-1 Vpu and SIVMac239 Nef). A panel of 105 receptors was analyzed this 
way (Fig. 3.0D and E). The results show that a number of receptors were unaffected by 
the expression of the viral factors, proving the specificity of the surface level 
modulation mediated by them. Receptor upregulation was a rare event (that took place 
only for CD69 in the presence of Nef). Nef was observed to downmodulate a 
considerable number of these receptors: 36 out of 105 showed reduction in their plasma 
membrane level to an extent of <65%, including previously but also newly identified 
Nef targets with an interesting relation to HIV Virology, such as CD37 (Fig. 3.1A), 
Lamp-1 (CD107a), Lamp-2 (CD107b), ICAM-1 (CD102), or gamma interferon receptor 
(CD119). Interestingly, there was a significant overlap between receptors that were 
downregulated by HIV-1 Nef and HIV-1 Vpu. 32 receptors were identified to have 
diminished levels in the presence of the latter accessory protein to an extent of at least 
80%, being all of them targeted as well by Nef. No significant receptor upregulation 
was observed in this case. Overall, the effect mediated by Vpu was less pronounced 




than that of Nef, except for CD164, CD71 and CD317 (data not shown). Taken 
together, this results show there is a vast but specific overlap in the set of cell surface 
receptors targeted by both viral proteins. 
Upon analysis of the characteristics of the newly identified targets of Nef and Vpu, we 
detected amongst the studied host cell receptors several belonging to the tetraspanin 
(TSPAN) superfamily of proteins. HIV-1 Nef and Vpu lowered the levels of all TSPAN 
proteins included in the study (CD37 [also referred to as TSPAN-26], CD53 [TSPAN-
25], CD63 [TSPAN-30], CD81 [TSPAN-28], CD151 [TSPAN-24], and CD231 
[TSPAN-7]). Furthermore, the effect of Nef on CD37 and CD81 was the strongest seen 
in the complete study. Also in this case, Vpu affected the surface expression levels of all 
these proteins to a lesser extent than Nef (Fig. 3.0C).   
3.2 Downregulation of TSPANs from cell surface by HIV-1 Nef and Vpu is the 
result of a specific activity    
Given the observed specificity of Nef and Vpu for members of the TSPAN family of 
transmembrane proteins, we next wondered if the observed downregulation could be the 
result of an artifact caused by unspecific effects on membrane trafficking due to 
membrane association and insertion, respectively. To study this, we utilized transfected 
A3.01 human T cells (over)expressing Nef.GFP or Vpu.GFP and compared them to 
cells (over)expressing N18-src.GFP, the N-terminal domain of the src protein fused to 
GFP, and pDisplay.YFP. The reason why the latter two proteins were chosen as controls 
is that they are targeted to the cell membranous system (preferably to the plasma 
membrane) by the same mechanism as the viral proteins. N18-src.GFP contains a SH4 
domain susceptible to myristoylation that favors anchoring at the inner leaflet of 
membrane (Geist et al., 2014; Haller et al., 2014; Pan et al., 2013b), as in the case of 
Nef. pDisplay.YFP consists of the transmembrane domain of CD4 spanning the 
membrane similarly to the Vpu protein (Haller et al., 2014). Forty eight hours after 
transfection, cells were stained with antibodies targeting CD4 and several TSPANs and 
analyzed by Flow Cytometry. The relative remaining surface expression of the receptors 
was calculated as the ratio between the MFI of intermediate-high expressing cells and 
that of GFP-negative from the same sample (Fig. 3.1A, gates R3 vs R2). Expression of 
Nef.GFP and Vpu.GFP resulted in diminished levels of the five studied TSPAN 
members, CD27 (data not shown), CD37, CD53, CD63, and CD81. The reduction was 
in all cases less pronounced than that seen for the control receptor CD4 (Chaudhuri et 
al., 2007; daSilva et al., 2009; Garcia and Miller, 1991; Ren et al., 2014) (First set of 
Fig. 3.1B). The unrelated control proteins N18src.GFP and pDisplay.YFP did not cause 
significant downregulation of any of the transmembrane proteins. Thus, HIV-1 Nef and 
Vpu target proteins from the TSPANs superfamily for downregulation in a specific 
manner. 
  
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































plots of  the CD4  levels of gated  living cells. Mean Fluorescence  Intensity  (MFI, YGeoMean) of untransfected  (gate 
R2) and medium‐  to high‐GFP‐expressing  (gate R3)  cells  is  shown  in  red  for each of  the different  conditions.  (B)  
Depicted  protein  levels  were  calculated  and  plotted  using  the  MFI  of  GFP  positive  cells  relative  to  that  of 
untransfected  cells  from  the  same  sample. Displayed  are  the  arithmetic means  and  standard  deviation  of  three 
independent experiments. For  reference, dotted  line corresponds  to no downregulation  (100%  remaining surface 
expression). 
 
3.3 Different motifs of Nef and Vpu are important for TSPAN proteins 
downregulation from the cell surface   
As the next step in this study, we wanted to define the molecular determinants by which 
Nef and Vpu mediate downregulation of TSPANs. To this end, A3.01 human T cells 
were transfected with expression plasmids encoding GFP fusions of Nef, Vpu, or well-
characterized mutants of the viral proteins. CD4 and tetherin, two well described 
downregulation targets of the accessory proteins (Bolduan et al., 2013; Chaudhuri et al., 
2007; daSilva et al., 2009; Garcia and Miller, 1991; Goffinet et al., 2009; Neil et al., 
2008; Schmidt et al., 2011; Tervo et al., 2011), were analyzed as controls. 
Immunostaining of these cells was performed 48 hours later and plasma membrane 
levels of stained receptors were analyzed by flow cytometry as the ratio between the 




MFI values of intermediate-high GFP-expressing and untransfected cells from the same 
sample (as shown in Fig.3.1A, R3 vs R2).  
Motif Relevance/loss of interaction Mutant 
MGxxxS(1–6) Membrane association G2A 
S(6) Phosphorylation by nPKC S6A 
M(20) MHC-I downregulation M20A 
N-t amphipatic helix NAKC formation Δ12-39 
EEEE(66–69) MHC-I downregulation E4A4 
VGF(71–73) MHC-I downregulation VGFAAA (VGF) 
PxxP(80–83) MHC-I downregulation AxxA 
ExxxLL(164–169) AP-2 binding , CD4 downregulation LLAA 
ED(178,179) CD4 downregulation EDAA 
F(195) Pak2 association F195A 
Table 3.1 HIV-1 SF2 Nef mutants used in this study. 
Transient expression of Nef.GFP causes a pronounced reduction of CD4 levels on the 
cell surface of A3.01 T cells (from 90.1% of GFP control cells to 6.2% of Nef.GFP-
expressing cells). Expectedly, mutations in the acidic stretch (EEEE66-69; E4A4), 
needed for interaction with PACS adaptor involved in receptor downregulation (Piguet 
et al., 2000), the VGF motif (VGFAAA), involved in SH3-domain interactions between 
Nef and host cell proteins (Meuwissen et al., 2012), the PxxP motif (AxxA), central 
structure of the SH3 domain interaction surface in Nef (Collette et al., 1996; Saksela et 
al., 1995), and the hydrophobic patch (F195A), essential for the interaction with PAK2, 
resulted in marginal or no effects on the extent of Nef-mediated CD4 downregulation 
(see table 1.3).  The Nef mutant unable to become myristoylated (G2A), deficient for 
most described functions of the accessory protein, and the 12-39 deletion mutant of Nef 
(Δ12-39), which lacks an amphipathic alpha-helix needed for the interaction with a 
multi-molecular complex consisting of at least two cellular adaptor proteins and four 
kinases, NAKC (Baur et al., 1997), were largely deficient for this activity. As expected, 
modifications targeting the C-terminal flexible loop, LL168/169 and ED178/179 
residues (LLAA and EDAA), interacting with the endocytic machinery, abrogated this 
Nef activity (Chaudhuri et al., 2007; Fackler et al., 2006; Keppler et al., 2006). 
Surprisingly, the downregulation Nef mutant-profile differed for the individual TSPANs 
and none of the analyzed molecular determinants emerged as essential for any of the 
studied host proteins. Despite the unspecific G2A mutant, the acidic stretch and the 
VGF and proline-rich motifs also accounted for a discrete partial loss of function in 3 
out of 4 TSPANs studied (all but CD37). In the case of CD37, along with the G2 
mutation only mutation in the dileucine motif led to partial inhibition of downregulation 
as compared to wt Vpu. Also, no similarities to CD4-downregulation profile (or that of 
MHC-I or CXCR4, differing to the CD4 one and described elsewhere (Mangasarian et 
al., 1999; Meuwissen et al., 2012; Venzke et al., 2006)) were observed.  




Fig.  3.2  Alteration  of  individual  TSPANs  cell  surface  levels  by  Nef  and  Vpu  depends  on  distinct  molecular 
determinants. A3.01 T lymphocytes were transfected with expression plasmids for various Nef.GFP (A) and Vpu.GFP 
(B) proteins or GFP control. After 48 hours, cells were harvested and immunostained for flow cytometry analysis of 




Vpu expression also caused an important reduction in CD4 surface expression levels, 
although less pronounced as that induced by Nef (from 99.7% of GFP control cells to 
39.2% of Vpu.GFP-expressing cells). Conversely, Vpu caused a more potent 
downregulation on exposed levels of tetherin (from 101.4% to 35.6%). Modification of 
the diserine motif necessary for the interaction with beta-transducin repeat-continuing 
protein (β-TrCP) (S52/56A) caused a loss of Vpu-mediated downregulation of both 
CD4 and tetherin (see table 1.4). The same result was observed when the 
transmembrane (TM) domain was replaced by that of the vesicular stomatitis virus G 
protein (TM VSVG) (Magadan et al., 2010). While all other mutations tested did not 
affect Vpu-mediated downregulation of tetherin, changes were observed for CD4. 
Mutations targeting a Vpu motif essential for lipid raft association (V25Y29G) (Fritz et 
al., 2012) or that needed for interaction through the transmembrane domain 
(A14LW22A) (Vigan and Neil, 2010) resulted in disruption of CD4 downmodulation. 
Mutations in a motif necessary for the natural localization of Vpu at the trans-Golgi 
network (TGN) (R30A,K31A) (Dube et al., 2009) did not affect downregulation. 
Regarding effects of Vpu mutants on TSPAN surface levels, mutations at the diserine 
motif or the TM domain of Vpu showed a partial loss of the effect. All the other 
mutants affected only slightly, if at all, the surface levels of TSPANs as compared to 




those in presence of wt Vpu. Of note, in the case of Vpu-mediated downregulation, the 
tested mutants generated a comparable profile for each of the proteins.  
Motif Relevance/loss of interaction Mutants 
DS(52)GNES(56)  β-TrCP-dependent degradation S52/56A 
AxxxAxxxW(14–22) Tetherin downregulation A14LW22A 
R(30)K(31)  TGN localization R30K31A 
V(25)Y(29)  Lipid raft association V25GY29G 
TMD CD4 downregulation  TM VSVG (TMD replaced by VSVG TMD) 
Table 3.2 HIV-1 NL4.3 Vpu mutants used in this study. 
Overall, these results show that the determinants of Nef and Vpu relevant for 
downregulation of proteins of the TSPAN superfamily are different to those previously 
described for other target proteins of these viral factors. Furthermore, distinct 
mechanisms might explain Nef-mediated downregulation of individual TSPANs.     
3.4 Nef and Vpu target Lck for relocalization to an intracellular compartment 
A consequence of the Nef-mediated modification of intracellular trafficking is the 
relocalization of the Src kinase and peripheral membrane protein Lck from the plasma 
membrane to recycling endosomes and trans-Golgi network (RE/TGN) to fine tune 
TCR signaling and favor viral replication (Pan et al., 2013b; Pan et al., 2012). Since Nef 
and Vpu share specificity for downregulation of a number of receptors as described 
above, we wanted to study whether Vpu can as well exert another well characterized 
Nef activity such as rerouting of the TCR signaling master switch Lck. A3.01 cells were 
therefore transfected with expression vectors for GFP versions of both accessory 
proteins or the empty GFP-expressing plasmid as control. Under these three conditions, 
cells were analyzed by immunofluorescence for the localization of endogenous or 
overexpressed Lck. The latter was achieved by cotransfecting the cells with a plasmid 
expressing the RFP-labeled kinase (Fig 3.3B). The frequency of Nef-expressing cells 
displaying retargeted endogenous Lck to intracellular compartments was close to 100%. 
Only a marginal fraction of Vpu-expressing cells showed this cytoplasmic accumulation 
when compared to GFP control cells, which showed no detectable cytoplasmic Lck 
signal (Fig 3.3C; 91.7 +/- 3.8% of Nef.GFP-expressing cells showing accumulation, 
18.7 +/- 5.6% of Vpu.GFP-expressing cells and 0% of GFP-expressing cells). The 
magnitude of the accumulation in single cells was determined as the ratio between 
accumulated and total Lck signals (i.e. pixel quantification of cytoplasmic vs total Lck 
signal). Accordingly, the extent of the relative accumulation per individual cell studied 
was in average significantly higher also in the case of Nef-expressing cells than in the 
case of Vpu-expressing cells. The obtained value was significantly higher for cells 
expressing either of the viral proteins when compared to GFP control cells (Fig 3.3E; 
6.4 +/- 4.8% of the total per cell Lck signal at intracellular compartments in GFP-
expressing cells, 57.2 +/- 14.3% in Nef.GFP-expressing cells and 27.4 +/- 11.2% in 
Vpu.GFP-expressing cells).  




Fig.3.3  Nef  and  Vpu  affect  the  subcellular  localization  of  Lck.  A3.01  T  lymphocytes  were  transfected  with 






classified  into  two  groups:  showing  Lck  intracellular  accumulation  or  with  Lck  at  its  usual  plasma  membrane 
localization. Depicted  are mean  values  and  standard  deviation  of  data  from  three  independent  experiments  in 
which 100 cells were considered per condition. (E and F) Single‐cell analysis of the relative Lck accumulation. Signal 
intensity was evaluated as the pixel quantification of the cytoplasmic compartment or of the whole cells. Shown is 
the  intracellular  Lck  signal  as  a  percentage  of  the  total  Lck  signal  for  each  of  the  cells  analyzed.  Each  symbol 
corresponds to the value obtained for an individual cell. Bars indicate mean values of 25 cells studied per condition. 
Statistical analysis was performed by the Mann‐Whitney U test (***, P < 0.0001). 





When Lck.RFP was overexpressed, no changes were observed in the frequency of Lck 
cytoplasmic accumulation and its extent per single cell when compared to endogenous 
Lck in Nef-expressing cells (Fig. 3.3C vs D and E vs F) (Fig. 3.3D and F; 89.7 +/- 6.4% 
frequency of cells showing accumulation and 55.4 +/- 10.9% relative accumulation per 
single cell, respectively). In Vpu-expressing cells co-transfected with Lck.RFP, 
however, the frequency of accumulation increased to 72.7 +/- 5.8% (Fig. 3.3D). Single 
cell analysis, however, did not reveal important differences to what was observed for 
single-cell endogenous Lck relative accumulation in the same cells (Fig. 3.3E vs F) 
(Fig. 3.3F; 35.2 +/- 8.3% relative accumulation per single cell in Vpu.GFP-expressing 
cells). Altogether, these results show that, as it was already described for Nef, Vpu can 
affect the localization of peripheral membrane proteins like Lck. Nevertheless, as 
observed for the downregulation of TSPANs and most of the studied membrane 
receptors, the extent of Vpu-mediated effect on Lck retargeting to RE/TGN is less 
potent as compared to that mediated by Nef. Also, Vpu seems to block anterograde 
transport of Lck molecules directly after their synthesis but, unlike Nef, it has no effect 
on those that already reached their steady-state distribution.    
3.5 Extracellular vesicles (EV) can be purified from human T cells culture 
supernatant   
EVs are shed by most cell types (Thery et al., 2002; Yanez-Mo et al., 2015). Thought to 
be cellular waste, they remained out of the scope of research until they were discovered 
to contain enriched proteins and microRNAs (Ratajczak et al., 2006a; Valadi et al., 
2007). Today, EVs have been shown to play an important role in many physiological 
processes in complex organisms and to be key pathological and disease factors (Schorey 
et al., 2015; Yanez-Mo et al., 2015). Among the proteins which are actively sorted into 
EVs, proteins of the TSPAN superfamily are some of the best characterized, serving 
therefore as EV detection markers (Thery et al., 2002). HIV-1 Nef has been described to 
boost EV release in cells transiently expressing the protein but also in the context of 
infection. It also has been shown to induce its own inclusion in EVs from these cells to 
potentially alter metabolism and intracellular signaling in bystander cells favoring 
pathogenesis and disease progression (Lenassi et al., 2010; Muratori et al., 2009). We 
thereby hypothesized the release of TSPAN proteins on EV as a potential mechanism of 
downregulation by Nef and, presumably, also by Vpu. Furthermore, we aimed at 
understanding this process in a physiologically relevant system in the context of HIV-1 
disease, namely HIV-1 target cells. In order to set up a system to study the effects of 
both HIV-1 accessory proteins on the production and composition of EV, we analyzed 
the capacity of different human T cell lines to release EV under different conditions. 
Initially we checked E6 Jurkat cells (Fig. 3.4A). After an overnight starvation, they 
were cultured in control or stimulation RPMI++ media, containing 20 μg/ml of 
phytoemagglutin (PHA). The FCS added to this medium was previously depleted form 
EVs by ultracentrifugation (UC). EV isolation was then performed by the differential 
UC method (Thery et al., 2006). To analyze the results, we used as output the Western 




Blot (WB) signal of TSPANs as exosomal markers (Lotvall et al., 2014). TSPAN WB 
needed to be performed in non-reducing conditions as described elsewhere (Thery et al., 
2006). Cells responded to PHA stimulus by increasing EV release in comparison to 
control cells, as observed by the increase in the WB signal of both TSPANs used as 
detection markers CD63 and CD81. Intrigued by the decrease in (and even absence of) 
signal seen for later time points, known that EV should have high stability and therefore 
long half-life (Kalra et al., 2013), we added two other human T cell lines to the next pre-
experiment: A3.01 and JTag cells. Cells were culture for 16 hours in EV-depleted FCS-
containing medium under control or stimulating conditions (PHA). Supernatants were 
cleared, ultracentrifuged and EV preparations were analyzed by Western Blot. As noted 
before, EVs derived from Jurkat E6 cells were unstable over time and TSPAN marker 
detection was not stably achieved (Fig. 3.4B). A3.01 cells- and JTag cells-derived EV 
detection, however, worked efficiently and cells responded to stimulus by a boost 
release of EVs inferred from stronger WB signals, as expected. Unlike what was 
observed for E6 cells, the signal for both TSPANs obtained from cell lysates (CLs) with 
equal protein amounts to that of corresponding EV preparations (equivalent to 106 cells) 
was lower. This effect was strongly marked for CD63, in particular in A3.01 cells. 
Given the strong signal obtained from EV preparations for both markers, CD63 and 
CD81, in the case of A3.01 cells, we utilized these as EV source thereon.   
In order to find a more potent, T cell-specific stimulus which could be used as positive 
control in future experiment if needed, we analyzed the effect of culturing cells on 
activating surfaces or, in other words, anti-CD3 and anti-CD28 antibody coated 
surfaces. This way we should trigger a more specific signaling by direct cross-linking of 
TCR. Following overnight starvation, A3.01 T cells were stimulated with PHA or TCR-
specific antibodies in EV-depleted FCS-containing medium. Unstimulated cells were 
used as control. After 5 days in culture, SNs were cleared and EVs were isolated by UC. 
The WB signal obtained by TCR-specific stimulation with antibodies was stronger as 
that obtained by stimulating with PHA for both CD63 and CD81 from the EV 
preparations (Fig. 3.4C). Of note, both stimulation methods were efficient in enhancing 
shedding of EV when compared to unstimulated control cells whose EV prep showed 
very low signal for CD81 and CD63 at the displayed exposure time. Surprisingly and 
unlike what was observed in the previous experiment (Fig. 3.4B), the CD63 signal from 
CLs was much more intense in all cases as compared to the corresponding EV preps. 
Moreover, the CD63 signal from CLs increased in response to the antibody stimulus. In 
contrast, the CD81 signal from the CL samples was undetectable except in the control 
cells-derived sample. Altogether, the TCR-specific antibody treatment resulted in an 
increased EV release as compared to stimulation with PHA (Fig. 3.4C). 
Finally we compared two EV isolation methods, ultracentrifugation vs a commercial 
lipophilic reagent. A3.01 cells were starved overnight, cultured under control or 
stimulating conditions and harvested after 16 hours. The FCS in the culture media had 
been previously depleted of EVs. Supernatants were then cleared and either subjected to 
successive centrifugation and UC steps or incubated overnight with the Exosome 




Isolation Reagent (Invitrogen, Carlsbad CA) and pelleted down by centrifugation. EVs 
obtained with the reagent generated considerably more TSPAN signal as those obtained 
by ultracentrifugation (Fig. 3.4D). Of note, the CD63 WB signal from CL of the reagent 
samples and from the CL obtained by UC was so intense that higher exposure times 
were not possible to achieve. As a consequence CD81 bands are faint (reagent samples) 
or not visible (UC samples). However, given the very low specificity of the isolation 
mechanism and the high risk of impurity in the final preparation, we decided to use the 
standard sequential UC as the EV isolation method thereon.    
Fig. 3.4 Setting up extracellular vesicle  (EV)  isolation and detection  in T  lymphocytes.  (A) 5 x 107  Jurkat E6 cells 
were cultured in exosome deprived medium (EDM) in the absence or presence of 20 μg/ml PHA during 30 minutes, 
2 hours or 16 hours. PHA addition was coordinated timewise to collect the respective supernatants simultaneously. 
EV  from  the  cleared  supernatants were  isolated by differential ultracentrifugation and analyzed by non‐reducing 






days,  EV were  isolated  and  analyzed  as  in  B.  (D)  Experiment  performed  as  in  C  but  comparing  EV  isolation  by 
ultracentrifugation vs Exosome Isolation Reagent (Invitrogen).  
 




3.6 HIV-1 Nef stimulates extracellular vesicle release and its own export to the 
extracellular space by this mechanism 
As mentioned above, previous reports showed that, when expressed by cells, HIV-1 Nef 
boosts EV release and induces its own inclusion in EVs with subsequent effects on 
bystander cells (Lenassi et al., 2010; Muratori et al., 2009). In order to reconfirm the 
published information at our laboratory, we used pre-starved A3.01 human T 
lymphocytes transiently expressing Nef.GFP fusion protein or GFP as a control. Cell 
numbers were normalized so that an equal number of GFP-expressing cells were 
contained in the culture for each condition. Cells were cultured in EV-depleted FCS-
containing medium. 3 days post-transfection, cell cultures were harvested, cleared and 
ultracentrifuged. After lysis, the protein concentration of EVs and CLs was measured. 
Interestingly, the amount of total protein was close to 2-fold higher in the Nef-
expressing cell-derived EV preparation than in GFP-expressing cell-derived EV 
preparation (Fig. 3.5C). However, protein levels in cell lysates from both conditions did 
not differ (Fig. 3.5B). This increase in protein might be due to a boosted EV secretion 
mediated by Nef. Consistent with these results, WB analysis of both preparations under 
non-reducing conditions showed an increase in total EV release as interpreted form the 
higher CD63 and CD81 signal obtained for the Nef-derived sample as compared to the 
GFP-derived sample (Fig. 3.5A). In this case, TSPAN WB signals form EV samples 
were more intense than those from the corresponding CLs. Nef.GFP could be detected 
in EVs shed by cells transiently expressing this protein when proving with an anti-GFP 
antibody (Fig. 3A, upper panel). Notably, the Nef-specific antibody was not able to 
detect this (Fig. 3A, second panel from the top). That might reflect the low 
concentration of Nef on EVs despite of its strong presence in the CL and the higher 
sensitivity of the anti-GFP antibody. The heat-shock cognate 70 kDa protein (Hsp70), 
another described exosomal marker (Escola et al., 1998; Raposo et al., 1996; Thery et 
al., 1999), did not show significant enrichment in EVs as compared to CL nor for Nef-
samples neither for GFP-samples. Expectedly, calnexin, and ER marker used as a 
negative control (Lotvall et al., 2014), was present in CL but not in EVs. Thus, with 
these results we have been able to reproduce and confirm the previously published 
information which defines HIV-1 Nef as able to potentiate the secretion of EV and to 
use these shed EV vesicles to deliver itself to the extracellular compartment. 











3.7 HIV-1 Nef and Vpu boost secretion and stimulate their own export into EV 
HIV-1 Nef interferes with migration of T cells both in vitro and in vivo (Choe et al., 
2002; Hrecka et al., 2005; Janardhan et al., 2004; Lee et al., 2008; Park and He, 2009). 
Nef exerts this effect by altering the actin dynamics of the cell.  The molecular 
mechanism governing this relies on the interaction between Nef and the cellular kinase 
PAK2 through the viral factor’s hydrophobic patch (Stolp et al., 2010; Stolp et al., 
2012; Stolp et al., 2009). The interaction of both proteins is very transient (Imle et al., 
2015) but, upon dissociation of the complex, leads to a substrate specificity switch 
toward phosphorylation of the actin severing factor Cofilin. Hyper-phosphorylation of 
Cofilin results in its inactivation and, thereby, in a reduction in actin turnover affecting 
chemokine-induced actin cytoskeleton rearrangements that cause an arrest of migration. 
In a more recent study, our laboratory described the Nef-mediated interference with T 
cell homing in vivo and transendothelial migration (TEM) in vitro (Stolp et al., 2012). 
Both effects were dependent on the PAK2 interacting motif of Nef and, thereby, on the 
disruption of actin dynamics. However, a more detailed analysis into the multi-step 




TEM process uncovered a lack of dependency on the integrity of that motif for 
diapedesis, the central step of this intricate process. Furthermore, Nef was also observed 
to affect the morphological polarization of the cells upon attachment to the endothelium, 
a prerequisite for efficient migration performance. Given the need for an extreme 
polarization of cells for transmigration through the endothelium, we hypothesized that a 
deep understanding of the mechanism of Nef-mediated polarization disruption would 
shed some light onto how the viral protein alters the TEM process. In this work we 
aimed at unraveling the molecular determinants of Nef involved both in polarization and 
TEM interference in the context of infection of primary human T lymphocytes.  
Fig. 3.6 HIV‐1 Vpu  is able  to boost EV  release and  is  incorporated  in EVs.  (A) 3  x 108  cells per  condition were 
transduced using lentiviral expression vectors for GFP, Nef.GFP and Vpu.GFP. After 36 hours, transduction efficiency 
was evaluated by flow cytometry and equal amounts of GFP‐positive cells were starved for 24 hours  in 0.5% FCS‐
containing medium. 72 hours  later, EV were  isolated by ultracentrifugation and analyzed by Western Blotting  for 








4 RESULTS: HIV-1 NEF INTERFERES WITH T CELL 
POLARIZATION AND TEM 
HIV-1 Nef interferes with migration of T cells both in vitro and in vivo (Choe et al., 
2002; Hrecka et al., 2005; Janardhan et al., 2004; Lee et al., 2008; Nobile et al., 2010; 
Park and He, 2009). Nef exerts this effect by altering actin dynamics in the cell.  The 
molecular mechanism governing this was described by our laboratory and it relies on 
the interaction between Nef and the cellular kinase PAK2 through the viral factor’s 
hydrophobic patch (Stolp et al., 2010; Stolp et al., 2009). The interaction of both 
proteins is very transient (Imle et al., 2015) but, upon dissociation of the complex, it 
results in activation of the kinase and leads to a substrate specificity switch toward 
phosphorylation of the actin severing factor Cofilin. Hyper-phosphorylation of Cofilin 
results in its inactivation and, thereby, in a reduction in actin turnover affecting not only 
migration but also chemokine-induced actin cytoskeleton rearrangements following 
TCR cross linking. In a more recent study, our laboratory described the Nef-mediated 
interference with T cell homing in vivo and transendothelial migration (TEM) in vitro 
(Stolp et al., 2012). Both effects were dependent on the hydrophobic interacting surface 
of Nef required for its association with PAK2 and, thereby, on the disruption of actin 
dynamics. However, a more detailed analysis into the multi-step TEM process 
uncovered a lack of dependency on the integrity of that motif for diapedesis, the central 
step of this intricate process. Furthermore, Nef was also observed to affect the 
morphological polarization of the cells upon attachment to the endothelium, a 
prerequisite for efficient migration performance. Given the need for an extreme 
polarization of cells in order to perform transmigration through the endothelium, we 
hypothesized that a deep understanding of the mechanism of Nef-mediated polarization 
disruption would shed some light onto how the viral protein alters the TEM process. In 
this work we aimed at unraveling other molecular determinants of Nef involved both in 
polarization and TEM interference in the context of infection of primary human T 
lymphocytes.  
4.1 Uninfected primary human T cells polarize in a simple 2D in vitro system 
In order to determine the conditions under which we could study polarization of primary 
human T lymphocytes in vitro we isolated these cells from Buffy coats with blood of 
healthy donors. After 72-hours activation with interleukin-2 (IL-2) and phytoemagglutin 
(PHA), the cells were incubated on Fibronectin (FN)-coated surfaces for 15 minutes and 
fixed. A chemokine, SDF1-α, was used to stimulate polarization (data not shown), 
however integrin signaling triggered by crosslinking of FN proved to be sufficient for 
this. Cells were fixed and stained for the visualization of polarity markers. Well 
described markers were chosen to this purpose (Fig. 4.1A) (Freeley et al., 2012; 
Samstag et al., 2003; Stolp et al., 2012; Vicente-Manzanares and Sanchez-Madrid, 
2004). Staining of the leading edge markers Talin and PKC-ζ did not provide conclusive 
information in terms of protein localization since they appeared at the uropod or at the 
leading edge depending on the individual cell studied. Moreover, immunofluorescence 
signal for these two markers was in general rather low. Conversely, staining of the 




uropod markers Ezrin and CD44 was more robust resulting in a strong signal for the 
cells mainly at the plasma membrane which was polarized to the rear of the cell if it was 
morphologically polarized or elongated. The frequency of morphologically polarized 
cells under these conditions ranged between 30 and 45% depending on the donor. 
Parallel analysis of uropod marker polarization resulted in frequencies around 70% (Fig. 
4.1B). Acquisition of expertise with this experimental set up as well as optimization of 
the immunofluorescence staining led to an increase in detection of cell polarization 
based on morphology as well as markers, achieving lymphocyte polarization 
frequencies ranging from 50 to 70%. In addition, CD44 was chosen as the best polarity 
marker given the stronger immunofluorescence signal and the lower background. 
Analysis of cell polarization over time did not reveal strong differences between the 
various time-points analyzed; however for two of the studied donors polarity 
frequencies increased until 2 hours and dropped after that, so we decided to fix cell after 
2 hours incubation on FN-coated cover glasses in subsequent experiments (Fig 4.1C). 
 
Fig. 4.1 Establishing timing and markers of polarization of Human Peripheral Blood Mononuclear Cells (PBMCs). 




cells  from  three healthy donors. Cells were  incubated on FN‐coated surface  for 15 minutes. A  total of 100 cells 
were  analyzed  for  morphological  polarization  (black  bars)  and,  among  morphologically  polarized  cells,  the 
frequency  of  polarization  of  Ezrin  (dark  grey  bars)  and  CD44  (light  grey  bars)  markers  was  evaluated.  (C) 
Morphological polarization of PBMCs from three healthy donors. Different timepoints after seeding were studied.




4.2 HIV-1 Nef interferes with polarization of infected primary human T cells 
HIV-1 Nef’s effects on T lymphocyte polarization are largely unstudied. Only two 
reports described that Nef can affect T cell polarity but did not study the mechanism or 
relevance of this phenomenon (Park and He, 2009; Stolp et al., 2012). Park and He 
(Park and He, 2009) described a Nef-mediated polarity loss on Jurkat T cell lines 
inducible for the expression of Nef.GFP or GFP-tagged Nef mutants using crosslink of 
LFA-1 as polarization stimulus. They, however, did not study the phenotype in the 
context of infection. Dr. Bettina Stolp-Rastätter from our laboratory (Stolp et al., 2012) 
observed a defect in polarization of murine T cells transduced for isolated expression of 
SF2 Nef.GFP and the PAK2-interaction deficient mutant, SF2 F195A Nef , both when 
seeded on FN-coated cover glasses in the presence of SDF1-α and after attachment to 
the endothelium in vitro. In the present work, we addressed the question from a more 
physiologically relevant point of view by using PBMCs from healthy donors which 
were infected in vitro with a laboratory strain of HIV-1. Activation is required to render 
primary human lymphocytes susceptible to productive infection by HIV-1 (Stevenson et 
al., 1990). After the standard activation with IL-2 and PHA for 72 hours, cells were 
infected with NL4.3 HIV-1 viruses expressing or lacking expression of the Nef protein. 
72 hours post-infection, cells were harvested, seeded on FN-coated cover slips and 
incubated for 2 hours at 37ºC before being fixed with 3% PFA/PBS. Under these 
conditions, non-infected cells were established to polarize at least to a frequency of 
50%. To visualize cells from these samples we stained them with antibodies recognizing 
CD44 and p24/CA, as markers of polarization and infection, respectively. In order to 
exclude dead cells from the analysis, they were stained with the 7-amino-4-
chloromethylcoumarin (CMAC) cell tracker dye (Invitrogen, Carlsbad CA) and 
discriminated from viable cells by the characteristic loss of the dye (Fig. 4.2A, intense 
blue epifluorescent signal vs dim blue epifluorescent signal, respectively; only for cells 
from donors 5 to 7). Quantification of polarized cells in these samples illustrates the 
negative effect caused by the wt HIV-1 infection in relation to the values for uninfected 
cells from the same samples (Fig. 4.2B, black bar and first white bar of each data set, 
respectively). Frequency of polarization of infected PBMCs was largely decreased 
(from 47.3% polarization of uninfected to 3.3% polarization of wt HIV-1 infected for 
donor 1; from 53.6% to 6.7% for donor 2; from 63.2% to 26.7% for donor 3; from 
45.3% to 16.7% for donor 4; from 70.0% to 8.3% for donor 5; from 54.0% to 6.7% for 
donor 6; from 59.0% to 15.0% for donor 7). This reduction of polarization frequency 
was less pronounced or not observable, depending on the donor, when cells were 
infected with the ΔNef virus (grey bars as compared to black bars in the same figure; 
13.33% polarization of ΔNef HIV-1 infected for donor 1; 33.3% for donor 2; 50.0% for 
donor 3; 53.3% for donor 4; 28.3% for donor 5; 18.3% for donor 6; 36.7% for donor 7). 
The differences become more obvious when these results are shown as relative to values 
of non-infected cells from the same sample (Fig. 4.2C; from 7.1% relative polarization 
of wt HIV-1 to 27.5% relative polarization of ΔNef HIV-1 infected for donor 1; from 
12.4% to 52.7% for donor 2; from 42.2% to 88.8% for donor 3; from 36.8% to 103.9% 
for donor 4; from 11.9% to 41.1% for donor 5; from 12.4% to 36.7% for donor 6; from 




25.4% to 52.4% for donor 7). It is appreciable in all cases that polarity values increase 
in the absence of Nef, even reaching levels of control uninfected cells for two donors. 
For these two donors Nef was sufficient to inhibit T cell polarization while other factors 
may contribute to this effect in the other donors. From these results we conclude that 
HIV-1 infection disrupts polarization of human primary T lymphocytes in vitro and that 
Nef plays a critical role in this polarity disruption.  
 
Fig. 4.2 HIV‐1 Nef impairs polarity of primary infected human T cells. Human PBMCs were activated for 72 hours 
with 2 μg/ml PHA and 10 μg/ml  IL‐2 and spin‐infected with wt and ΔNef versions of NL4.3 SF2 Nef HIV‐1  in  the 
presence of 4 μg/ml polybrene. After 72 hours, cells were seeded on FN‐coated cover glasses, incubated for 2h at 





For donors 5  to 7, CellTracker™ Blue CMAC viability dye was used  to discriminate dead cells.  (A) Representative 








4.3 HIV-1 Vpu is dispensable for disruption of T cell polarity   
As addressed by Haller et al. (Haller et al., 2014) and extended in the first part of this 
doctoral thesis, HIV-1 Nef and Vpu share several activities such as downregulation of a 
multitude of host cell surface receptors, rerouting the cellular kinase Lck form the 
plasma membrane to cytoplasmic compartments and induction of EV secretion. Since 
polarization frequencies did not reach levels of uninfected control cells for several of 
the donors studied when their cells were infected with the nef deleted HIV-1 virus, we 
wondered whether Vpu could act synergistically with Nef. To answer this question we 
included the Vpu deficient as well as the double deficient (lacking expression of both 
Nef and Vpu) counterparts of the NL4.3 virus used in the previous experiment. After 
cell fixation and immunostaining for CD44 and p24-Capsid (Figure 4.3A), cell polarity 
was quantified. As we had observed before, HIV-1 ΔNef induced a weaker reduction in 
polarization frequency than HIV-1 wt (Fig. 4.3B and C; from 23.3% polarization of wt 
HIV-1 infected to 46.7% polarization of ΔNef HIV-1 infected for donor 8; from 33.3% 
to 43.3% for donor 9; from 23.3% to 50.0% for donor 10; from 59.7% polarization 
relative to non-infected of wt HIV-1 to 97.3% polarization relative to non-infected of 
ΔNef HIV-1 infected for donor 8; from 66.6% to 92.1% for donor 9; from 44.0% to 
100.0% for donor 10). In the case of the three donors studied here, polarization 
frequencies completely equaled those of uninfected control cells. No significant 
differences were observed, however, between the polarization levels of cells infected 
with the ΔVpu virus and the wt virus (16.7% polarization of ΔVpu HIV-1 infected for 
donor 8; 23.3% for donor 9; 16.7% for donor 10; 40.7% polarization relative to non-
infected of ΔNef HIV-1 infected cells for donor 8; 47.6% for donor 9; 39.8% for donor 
10). The effect of the double deficiency in Nef and Vpu expression did not adjust to a 
clear trend and the donor variability in polarity frequency was high. Thus, the Vpu 
protein of HIV-1 does not affect polarity of human T lymphocytes in the context of 
infection. Taken together with the results presented in 4.3, for 5 out of ten donors, the 
absence of Nef completely prevented disruption of polarization in HIV-1 infected cells. 
For the other 5 donors, the observed partial effect accounted for more than a two-fold 
increase in polarization as compared to wt HIV-1 infected cells. Together with result 
from 4.3, the results shown here support the idea that HIV-1 Nef is the major player in 
disruption of polarity of infected human T cells. Therefore, we focused on studying Nef 
as the key factor in T cell polarity impairment from here on. 






derivatives  in  the presence of 4 μg/ml polybrene. Another 72 hours  later, cells were seeded on FN‐coated cover 
glasses,  incubated  for 2h at 37ºC, and  fixed. Staining  for HIV‐1 p24‐Capsid and CD44 was performed. Dead  cells 
were  identified  by  loss  of  the  live‐cell  dye  CellTracker™  Blue  CMAC  in  all  samples.  (A)  Representative  epi‐
fluorescence micrographs. Scale bar = 5 µm. (B) Polarity quantification. Coloured bars indicate polarization levels of 








4.4 Establishment of an experimental system to study Nef-mediated effects on T 
cell polarity 
To further understand Nef’s effects on polarity we wanted to search for molecular 
determinants involved in the phenotype as well as to evaluate the prevalence of this 
phenotype in lentiviral evolution. For that we needed a cellular system in which we 
could express various Nef mutants and alleles. To that end, we tested nucleofection as 
delivery method of an expression vector for GFP into PBMCs using the AMAXA kit 
(Lonza, Basel, Switzerland) and evaluated polarization of these cells. This resulted in 
frequencies of polarization as low as 2% for GFP-expressing cells (Fig. 4.4A and B). 
Values were only slightly higher for GFP-negative cells from the same coverslip or 
mock control cells; however they did not exceed 21%. Under these circumstances, the 
dynamic range needed to see the consequences of Nef expression would not be 
achieved. Moreover, polarization frequency values of control (untransfected) cells were 
importantly reduced respect to the usual values observed for control (uninfected) 
PBMCs (Figures 4.1C, 4.2B and 4.3B vs ). Therefore we can conclude that the process 
of nucleofection itself negatively affected the capacity of cells to polarize. Thereby 
nucleofection was ruled out as a gene delivery method for subsequent experiments. As a 
next attempt, A3.01 cells were tested for polarity. These cells showed a frequency of 
polarization of around 50% for all the timepoints studied (Figure 4.4C). When 
transfected for the expression of GFP or Nef.GFP, polarity values dropped marginally 
for GFP-expressing control cells but expression of Nef caused a 2-fold reduction in cell 
polarization. In such situation, the dynamic range of Nef’s effect on polarity was broad 
enough to make possible the molecular studies we wanted to pursue (Figure 4.4 D and 
E). Thus, A3.01 cells turned out to be a suitable system for subsequent molecular 
studies to further enlarge our understanding of Nef-mediated effect on T cell-polarity. 





PHA and  IL‐2 10 μg/ml  for 72 hours) human PBMCs  isolated  from two healthy donors were nucleofected with an 
expression vector for GFP. Polarity assays were performed 28 hours later and cells were fixed at various timepoints.  
Histogram bars depict frequency of polarization of GFP‐positive cells (black bar) compared to those of GFP‐negative 
cells  from  the  same  coverslip  (dark  grey  bar)  or mock  control  cells  (light  grey)  from  a  different  coverslip.  (C) 
Polarization  values of human A3.01 T  lymphocytes  subjected  to polarity assay. Cells were  fixed at  the  indicated 
timepoints. n = 100 cells. (D) Representative epi‐fluorescent micrographs of A3.01 cells transfected with expression 
plasmids  for GFP  or  SF2 Nef.GFP.  6  hours  post‐transfection,  cells were  subjected  to  polarity  assay  and  fixed  at 
different  timepoints. Shown are cells  fixed 1 hour post‐transfection. Scale bar = 5 µm.  (E) Quantification of cells 
shown in (D). n = 100 cells. 




4.5 T cell polarity disruption is an evolutionarily conserved effect of lentiviral 
Nef proteins 
Primate lentiviruses, including human pathogenic viruses HIV-1 and HIV-2 as well as 
SIVs, have in common, among other features, the accessory nef gen. Functions of the 
viral gene products important for HIV-1 biology are conserved and conserved 
throughout evolution. This is the case for most of the described functions of Nef. 
However, some functional differences have been also reported as the ability of HIV-2 
Nef to downregulate CD3 from the plasma membrane which cannot be performed by 
HIV-1. Lack of this activity correlates to high T cell activation levels observed in 
infected subjects and with virus pathogenicity displaying (faster) progression towards 
AIDS (Munch et al., 2002; Rudolph et al., 2009; Schindler et al., 2006). According to 
the capacity to downmodulate CD3, Nef alleles can be categorized into two groups: 
Group 1, containing Nef alleles of HIV-1 and SIVcpz, unable to downmodulate CD3, 
and Group 2, including Nef alleles of less- or non-pathogenic viruses HIV-2 and SIV 
that downregulate CD3. Differences between Nef alleles can help determining at which 
point in lentiviral evolution a specific activity was developed. All previously shown 
results were obtained with the HIV-1 SF2 Nef allele, the standard allele used for in vitro 
studies in our laboratory. To study the evolutionary relevance of Nef-mediated polarity 
disruption we transfected A3.01 human T lymphocytes with expression plasmids for 
GFP, HIV-1 SF2 Nef.GFP and a panel of YFP-tagged Nef alleles from HIV-1 (NL4.3, 
NA7, 8161K9, YBF30), HIV-2 (Ben, Cbl23), and SIV (Cpz Gab2, Cpz Tan3, gsn, mon 
Val, mac239, blue, smm Fwr 1, smm Ffm 1, agm Sab 1, agm Tan 1, sykes 51). Six 
hours after transfection, cells were incubated at 37ºC on FN-coated coverslips for 1 
hour, fixed and stained for the visualization of the polarity marker CD44 (Figure 4.5A). 
All alleles tested reduced the frequency of polarization when expressed by A3.01 cells 
ranging from 9.7 +/- 3.8% for SIV Nef mac239 to 40.7 +/- 9.3% for HIV-1 YBF30 as 
compared to GFP-expressing control cells, with 46.8 +/- 7.1%. In addition, all of them 
showed no statistical differences when compared to the effect caused by HIV-1 SF2 Nef 
except two Nef alleles, HIV-1 YBF30 Nef and SIV cpz Tan 3 Nef (Figure 4.5B; p 
values of 0.0315 and 0.0400, respectively; p value for SIV Nef Gab 2 of 0.0625). These 
two Nef alleles were totally or partially deficient for many other studied Nef functions, 
including Lck relocalization, TCR-induced actin dynamics or induction of tyrosine 
phosphorylation (Rudolph et al., 2009). A comparative analysis of the polarity values of 
Nef alleles categorized into group 1 or group 2 evidenced a statistically significant 
difference between them, suggesting Nef’s effects on polarity may be linked to the CD3 
downregulation capacity of these alleles (Figure 4.5C; p value < 0.0001). To address 
whether CD3 downmodulation is indeed coupled to the Nef-mediated disruption of 
polarity, we made use of a panel of SIV Blue Nef mutants with specific defects in 
downregulating surface receptors (Rudolph et al., 2009). Modification of the ExxxL 
motif of SIV Blue Nef generates a mutant which specifically downregulates CD3 but 
not other receptors (E181A/L185A; ELLA). R129/130A (RRAA) and R129A mutations 
result in CD3 downmodulation deficient mutants. Surprisingly, ELLA mutant turned 
out to be deficient in T cell polarity impairment while RRAA and R129A performed as 




efficiently as SIV Blue Nef wt (Figure 4.5D; 19.0 +/- 2.3% for SIV wt Blue; 24.1 +/- 
0.8% for RRAA; 14.2 +/- 6.3% for R129A; 42.7 +/- 10.4%). However, comparison of 
cell polarization frequencies for HIV-1 SF2 Nef, unable to downregulate CD3, with 
those of SIV ELLA Blue Nef, selectively targeting CD3 for downregulation, allows us 
to rule out a CD3 downregulation dependency for the observed Nef-mediated disruption 
of T cell polarity. 
 
Fig.  4.5 Polarity disruption  is  an  evolutionarily  conserved  activity of Nef proteins. A3.01  T  lymphocytes were 
transiently  transfected with expression plasmids  for GFP, SF2 Nef.GFP or YFP versions of various SIV, HIV‐1 and 
HIV‐2 Nef alleles. 6 hours post‐transfection, cells were seeded on FN‐coated cover glasses and incubated for 1h at 
37ºC,  fixed  and  stained  for  CD44.  At  least  100  cells were  counted  for  each  condition.  (A)  Representative  epi‐
fluorescence micrographs of  transfected cells. Scale bar = 5 µm.  (B) Histogram bars depict polarization  levels of 






standard errors  from  three  independent experiments. Statistical significance as assessed by  the Man‐Whitney U 
test is indicated (*, P < 0.05). (C) Batch comparison of the two groups of Nef alleles. Bars indicate mean values for 
each group. Statistical analysis was performed by  the Man‐Whitney U  test  (***, P < 0.05).  (D) A3.01 cells were 
transfected with expression vectors for GFP, SF2 Nef.GFP or YFP versions of SIV Blue Nef and three of its mutants. 
Polarity  assay  was  performed  as  described  above  and  polarization  quantification  was  carried  out.  Arithmetic 
means and standard errors are plotted.  
 
4.6 The NAKC interacting surface of Nef is important for T cell polarity 
impairment 
As described above (see section 4), the molecular determinant/s of Nef that mediate the 
impairment of transendothelial migration and polarization are unknown. To identify 
these determinants, we transfected A3.01 human T cells with expression plasmids for 
GFP, Nef.GFP or mutants thereof. After 6 hours, cells were incubated at 37ºC on FN-
coated coverslips for 1 hour, fixed and stained for the polarity marker CD44 (Figure 
4.6A). Frequency of polarization was quantified for transfected cells. As observed 
previously, the isolated expression of Nef resulted in an approximate 2-fold decrease in 
polarization frequency as compared to GFP-expressing control cells (Figure 4.6B; 24.7 
+/- 2.4% for SF2 wt Nef and 48.4 +/- 3.7% for GFP). As expected, the PAK2-
interacting deficient mutant, F195A Nef.GFP (Stolp et al., 2010; Stolp et al., 2009), did 
not cause impairment and displayed polarization levels comparable to those of control 
cells, 48.2 +/- 4.0%. Expression of G2A Nef mutant, unable to anchor into membranes 
due to lack of the myristoyl-acceptor glycine 2 and, therefore, largely deficient in all 
Nef functions (Fackler et al., 2006; Geyer et al., 1999), also resulted in a frequency of 
polarization similar to that of GFP-expressing control cells, 44.2 +/- 12.4%. On the 
other hand, mutations of serine at position 6, the phosphorylation site by novel PKC 
(nPKC)  required for efficient viral transcription and infectivity (Wolf et al., 2008), and 
of methionine at position 20, needed for downmodulation of HLA-I (Tomiyama et al., 
2002), did not show relevance for T cell polarity impairment (polarization frequencies 
of 28.2 +/- 7.2% and 23.2 +/- 1.4%, respectively). The same was observed for sequence 
modifications targeting the motifs LL168/169 and ED178/179 at the C-terminal flexible 
loop, essential for CD4 downregulation through the interaction with the endocytic 
machinery (adaptor complex and V-ATPase, respectively) (Bresnahan et al., 1998; 
Craig et al., 1998; Lu et al., 1998), (polarization frequencies of 23.4 +/- 6.7% and 28.9 
+/- 6.4%, respectively). Mutations at the acidic stretch (EEEE66-69), needed for 
interaction with PACS adaptor involved in receptor downregulation (Piguet et al., 
2000), the VGF motif, the integrity of which is needed for SH3-domain interactions 
between Nef and host proteins (Meuwissen et al., 2012), or the Proline rich motif 
(PxxP), part of the SH3 domain interaction surface in Nef (Collette et al., 1996; Saksela 
et al., 1995), resulted in intermediate reduction in polarity as compared to the 
expression of SF2 wt Nef and GFP (35.7 +/- 2.2%, 31.9 +/- 4.8%, 4.6 +/- 4.4%, 
respectively). Interestingly, expression of a Nef version lacking an amphipathic alpha-
helix necessary for the interaction with a multi-molecular complex consisting of at least 
two adaptor proteins and four kinases, NAKC (Baur et al., 1997), did not affect cell 




polarization levels as compared to GFP-expressing control cells, displaying a frequency 
of polarization of 50.8 +/- 8.2%. Thus, the interacting surface of Nef implicated in the 
formation of the NAKC is required for inhibition of polarity by Nef. This suggests the 
implication of one or more of the factors and/or kinases involved in the complex in the 
molecular mechanism governing this effect. 
Fig.  4.6 Mapping  the  phenotype:  correct NAKC  formation  necessary  for  T  cell  polarity.  A3.01  cells were  transfected with 
expression plasmids for GFP, SF2 Nef.GFP or various mutants. 6 hours after transfection, cells were incubated at 37ºC for 1 hour 





plots of gated  living cells  transfected with GFP, wt Nef.GFP or LLAA Nef.GFP are shown. MFI values are shown  in  red  for  the 
gated populations. (D) Histogram depicts the remaining surface CD4 levels obtained by dividing the MFI of transfected cells by 
that  of  untransfected  cells  (R3  gate  vs  R2  gate,  respectively).  All  values were  normalized  to  that  of  GFP  transfected  cells, 
arbitrarily set to 100.     
 
To make sure of the functionality of the constructs used in the previous mapping 
experiment, we evaluated CD4 surface expression levels of cells from the same source. 
Cells were harvested 8 hours post-transfection and stained them with an APC-coupled 
antibody recognizing CD4 for subsequent analysis by flow cytometry. Membrane 
exposed CD4 levels were calculated as the ratio between the MFI values of 
intermediate/high-GFP-expressing cells and those of untransfected cells (GFP-negative) 




form the same sample (Figure 4.6C, gate R3 vs gate R2). As expected, modifications in 
Methionine at position 20, the acidic stretch (EEEE66-69), the VGF motif, the PxxP 
motif and the hydrophobic patch (F195) had little to no effect in the expression of CD4 
(Collette et al., 1996; Fackler et al., 2006; Meuwissen et al., 2012; Piguet et al., 2000; 
Saksela, 2011; Saksela et al., 1995). The non-myristoylatable mutant of Nef displayed a 
two-fold reduction in CD4 expression at host cell plasma membrane (Fackler et al., 
2006; Geyer et al., 2001; Giese et al., 2006). As expected, structural changes in the C-
terminal flexible loop, and more specifically at LL168/169 and ED178/179 residues, 
abrogated this Nef activity (Chaudhuri et al., 2007; Fackler et al., 2006; Keppler et al., 
2006). Finally and also expectedly, deletion of the 12-39 region of Nef caused also no 
significant difference in remaining CD4 expression when comparing to that of GFP-
expressing control cells, or, in other words, this mutant was deficient for CD4 
downregulation (Figure 4.6D) (Fackler et al., 2006). 
Taken together, the in vitro mapping allowed to define a protein determinant previously 
unrelated to migration phenotypes, namely the NAKC interaction surface (12-39), as 
essential for Nef-mediated T cell polarity disruption together with the PAK2-interacting 
surface.  
4.7 NAKC interaction surface of Nef is required for disruption of T cell 
polarity in the context of HIV-1 infection 
We next wanted to validate the results from the mapping experiment in a more 
physiologically relevant set up. We utilized the experimental design used in the 
beginning of this work (see 4.1 and 4.2) in which we infected pre-activated primary 
PBMCs from healthy donors and subjected them to our polarity assay 72 hours later. In 
this case, together with NL4.3 HIV-1 wt SF2 Nef and its Nef-deficient version we 
included viruses bearing F195I and Δ12-39 Nef mutants. CD44 and p24-Capsid were 
used as polarity and infection markers, respectively (Figure 4.7A). Evaluation of 
polarization frequencies once more showed a strong reduction in polarity of HIV-1 wt 
infected cells as compared to non infected cells from the same sample (Figure 4.7B; 
from 66.4% polarization of uninfected to 14.6% polarization of wt HIV-1 infected for 
donor 11; from 56.1% to 19.7% for donor 12; from 69.9% to 32.2% for donor 13). This 
difference became less pronounced or even not observable for cells infected with the 
ΔNef virus (from 71.7% polarization of uninfected to 44.4% polarization of ΔNef HIV-1 
infected for donor 11; from 45.1% to 62.0% for donor 12; from 68.1% to 73.5% for 
donor 13). Of note, polarization levels of cells infected with both Nef-mutant viruses 
also resulted in polarization frequencies similar to those of uninfected cells and ΔNef-
infected cells for all three donors studied (polarization frequency of 52.1, 49.2 and 
67.6%, for cells from donors 11 to 13 infected with Δ12-39 Nef HIV-1, respectively; 
52.2, 50.8 and 67.1% for cells from donors 11 to 13 infected with F195I HIV-1 virus, 
respectively). Thus, the amphipathic alpha-helix at the N-terminal region of Nef 
responsible for the formation of a protein/kinase complex is also required for the 
interference with polarization processes in T cells. 












4.8 Pharmacological inhibition of NAKC members unravels implication of 
PKC as part of the Nef-mediated polarity disruption mechanism  
In order to search for host cell factors which could potentially be implicated in the 
molecular mechanism of the impairment of T cell polarity by Nef, we targeted members 
of NAKC by pharmacological inhibition. First of all the potential cytotoxicity of this 
drugs was studied by evaluating viability rates of A3.01 cells pot-treatment at different 
timepoints by exclusion of 7AAD dye. After the corresponding adjustment of 
concentration, none of the inhibitors caused cytotoxic effects on target cells (data not 




shown). A3.01 cells were transfected with expression plasmids for GFP or Nef.GFP 
followed by addition of inhibitors or DMSO to the culture 1 hour later and cells were 
cultured for 6 hours in the presence of the inhibitors (see Table). After harvesting, cells 
were seeded on FN-coated coverslips, incubated for 1 hour at 37ºC, fixed and stained 
for CD44 (Figure 4.8A). Addition of DMSO did not change frequencies of polarization 
of GFP- and Nef-GFP transfected cells as compared to the same DMSO-untreated cells. 
Treatment of GFP-transfected cells with the inhibitors caused no significant change in 
the frequency o polarization as compared to control and DMSO-treated cells. The only 
exception was observed for the addition of rottlerin, a PKC inhibitor targeting 
preferentially PKC-δ and less efficiently all the other PKC isoforms as well as other cell 
proteins including MAPK. This inhibitor induced a decrease in the frequency of 
polarization to the levels seen for untreated and DMSO-treated Nef.GFP-transfected 
cells. On the other hand, treatment of Nef-expressing cells with the inhibitors resulted in 
no significant increase in the frequency of polarization excluding Gö6983, a pan protein 
kinase C (PKC) inhibitor which targets all PKC isoforms except PKC μ (Figure 4.8B; 
35.8 +/- 6.8% as compared to 20.0 +/- 6.2% of Nef.GFP-expressing DMSO-treated 
cells) (He et al., 2014; Lin et al., 2014; Prgomet et al., 2015; Young et al., 2005). The 
drug caused a recovery in the frequency of polarization to that observed for control and 
DMSO-treated GFP-transfected cells. Of note, no difference was observed for GFP-
expressing cells cultured in the presence of Gö6983 as compared to untreated and 
DMSO-treated GFP-expressing control cells (Figure 4.8C; 4.4 +/- 2.9% and 43.2 +/- 
4.4%, respectively), providing evidence that the observed recovery in polarity levels is 
Nef-specific. Importantly, treatment with Rottlerin resulted in an even stronger 
reduction in the polarization frequency levels of Nef.GFP-transfected cells as compared 
to the Nef.GFP control and DMSO-treated cells. Since this drug showed a low target 
selectivity affecting indistinctly GFP- and Nef-GFP expressing cells, we concluded that 
Rottlerin treatment results in an unspecific reduction in the frequency of polarization 
which does not relate to Nef expression. Thus, from the Nef-specific effect on of 
polarization levels observed after treatment with a PKC inhibitor, we presume PKC 
plays a key role as a host cellular Nef partner in mediating disruption of T lymphocyte 
polarity. 




Fig.  4.8  Pharmacological  inhibition  of  NAKC  members  discloses  involvement  of  PKC  in  the  Nef‐mediated 
impairment of T  cell polarity. A3.01  cells were  transfected with GFP or Nef.GFP. One hour  later,  the  inhibitors 
were added to the culture (see working concentrations  in Table) and cells were  incubated for another six hours. 
DMSO was used as the internal control. Cells were then incubated for one hour on FN‐coated coverslips, fixed and 
stained  for  CD44.  (A)  Representative  epi‐fluorescence micrographs  of  transfected  control  and  Gö6983‐treated 




least  100  cells  counted  per  condition.  Arithmetic  means  and  standard  deviation  from  three  independent 
experiments are shown. Statistical significance as assessed by the Man‐Whitney U test is indicated (*, P < 0.05). 





4.9 The NAKC interaction surface of Nef is not involved in chemotaxis 
inhibition toward SDF-1α in vitro 
A well described activity impaired by Nef is T lymphocyte chemotaxis toward the 
cytokine SDF-1α through a porous filter system (Choe et al., 2002; Lee et al., 2008; 
Park and He, 2009; Stolp et al., 2010; Stolp et al., 2009). With a pore size sufficiently 
small, this artificial system can resemble in a not very physiological manner the central 
steps of TEM diapedesis. In order to see if the defect in T cell polarization described 
here accounts for the previously observed disruption in diapedesis (Stolp et al., 2012), 
we wanted to test the 12-39 deleted Nef mutant in this assay and compare it to Nef wt 
and the rest of the relevant mutants. To that end, we transfected CCR7 T lymphocytes 
for the expression of GFP, Nef.GFP and various Nef mutants as GFP fusions. 24 hours 
after transfection, cells were starved in 0.5% FCS-containing medium in order to boost 
response to the chemokine. Cells were seeded onto transwell inserts of 5 μm pore size 
and placed on 50 μg/ml SDF-1α-containing media. Migration of GFP-positive cells was 
evaluated by flow cytometry after culturing the cells at 37ºC and 5% CO2 for 2 hours 
(Figure 4.9A). The proportion of migrated cells was calculated as the ratio between the 
percentages of GFP-positive cells from the cells migrated through the filter (total 
migrated cells at the lower chamber) and the cells added initially on the filter (input). 
The obtained value is then normalized to those obtained for GFP-transfected control 
cells arbitrarily set to 100%. Expression of Nef abrogated almost completely migration 
as compared to GFP-expressing control cells (Figure 4.9B; 4.4 +/- 2.3% migrated cells 
expressing Nef.GFP). Mutation in the flexible loop (ED178/179), responsible for the 
interaction with the endocytosis machinery, did not induce any changes to the 
proportion of wt Nef-expressing cells (4.9 +/- 1.8% migrated cells). As described 
previously, by mutating the Phenylalanine residue from the hydrophobic patch (F195) 
responsible of the interaction with PAK2 the Nef-mediated inhibition of migration was 
significantly reduced in comparison to the wild type protein (Stolp et al., 2009). 
However, this effect did not reach GFP-expressing control levels (43.5 +/- 5.0% F195A 
Nef-expressing migrated cells). This underlines the importance of the actin cytoskeleton 
dynamics for T cell migration toward chemotactic stimulus. Deletion of the amphipathic 
helix forming the interaction surface with NAKC caused only a marginal reduction in 
the inhibition of migration caused by wt Nef (12.9 +/- 5.0% migrated cells). We 
wondered then whether simultaneous disorganization of the hydrophobic patch and 
deletion of NAKC-interaction surface could completely inhibit Nef function. The effect 
of the double mutation on chemotaxis in vitro did not provide further loss of Nef-
mediated inhibition of migration as compared to F195A mutation (46.4 +/- 6.8% 
migrated Δ12-39.F195A Nef.GFP-expressing cells), indicating that the effect mediated 
by this double mutant was exclusively due to disorganization of the hydrophobic patch. 




Fig.  4.9  NAKC‐interacting  surface  of  Nef  does  not  play  a  role  in  an  in  vitro  chemotaxis  assay.  CCR7  human 
lymphocytes were transfected with expression plasmids encoding GFP, Nef.GFP or four Nef mutants. After 24 hours, 
cells were starved in 0.5% FCS‐containing medium for 2‐4 hours and their ability to migrate through a transwell (5 
µm pore  size)  toward 50 ng/ml SDF‐1α was  studied over 2h.  (A) Representative dot blots of  the  INPUT and  the 
migrated  fractions.  (B)  Histogram  depicts  the  proportion  of migrated  cells  calculated  as  the  ratio  between  the 




4.10 Monitoring polarity of Nef-expressing T cells over time shows fundamental 
differences with control cells and cells expressing Nef mutants 
All the results shown so far had been obtained in a steady state, from infected or 
transfected human lymphocytes after attachment to FN-coated surfaces and fixation. 
That experimental set up provided information on how many cells could polarize at a 
certain timepoint, however it did not provide insight about the dynamics of this cellular 
process. Had GFP or Nef-GFP round-shaped cells been round over the whole incubation 
time until fixation (1 or 2 hours)? Or were they rather subjected to cycles of polarization 
and depolarization? In other words, is polarity a “yes or no” phenotype or is it subjected 
to temporal regulation? To address this, A3.01 human T cells were transfected with 
expression plasmids for GFP, Nef.GFP, and GFP fusions of the Nef mutants Δ12-39, 
F195A and the double mutant Δ12-39.F195A. 6 hours after transfection, cells were 
stained with PKH26 membrane dye and seeded on FN-coated MatTek microscopy 
plates. Time lapse microscopy videos were then acquired over 1 hour (Figure 4.10). 






with  expression  plasmids  encoding  SF2  Nef.GFP,  Δ12‐39  Nef.GFP,  F195A  Nef.GFP  or  the  double  mutant  Δ12‐
39.F195A Nef.GFP and 6 hours later they were stained with the PKH26 membrane dye (Sigma‐Aldrich, St. Louis, MO) 
and seeded on FN‐pre‐coated MatTek (four‐chambered petri dishes for live cell imaging). Acquisition of one frame 
every 1.5 minutes results  in time  lapse videos of approximately 1 hour  length. Confocal spinning disk microscope 
was handled by Nikolaos Tsopulidis 
 
Analysis of the videos revealed that polarization of GFP-expressing or untransfected 
control cells is a highly dynamic process in which cell shape cycles between elongated 
and round, with a tendency to rather long elongation periods as compared to those in 
which the cell remains round (Figure 4.11). Of note, when analyzed over 60 minutes, all 
of the studied control cells were able to polarize at least once during the observation 
period. On the other hand, Nef.GFP-expressing cells displayed an almost complete lack 
of polarization over the complete 1 hour. If occurring at all, polarization periods in this 
case were rare and with a clear tendency to be very short (for one single frame in most 
cases). For 9 out of 15 cells polarization events were inexistent during the acquisition 
time. Unlike wt SF2 Nef-expressing cells, expression of the three analyzed mutants 
resulted in much higher frequency of polarization over time.  These cells therefore 
showed a behavior more similar to that of GFP-expressing cells. However, some 
fundamental differences were observed in the effect these mutants exerted on T cell 
polarization. Firstly, polarization of all the studied cells was not observed for none of 
the three mutants. There were cells which did not polarize over the complete 1 hour, and 
the frequency of these cells was the highest for Δ12-39 Nef (4 cells out of 15), followed 
by F195A Nef (2 cells out of 15) and the double mutant Δ12-39.F195A Nef in the last 
place (1 cell out of 15). Furthermore, Δ12-39 Nef-transfected cells showed in general 
longer periods of no polarization as compared to the other two mutants or control cells. 
Conversely, F195A Nef-expressing cells had a higher tendency to remain polarized 
during the complete 1 hour of acquisition or to display shorter periods of no polarization 




as compared to the other two mutants or control cells. The extent of the elongation of 
polarized cells differed also between the mutants and control cells. Cells expressing 
F195A Nef had a tendency to be very elongated. Δ12-39 Nef-expressing cells on the 
other hand generally polarized less keeping a round cell body with a rather short but 
well defined uropod. Δ12-39.F195A Nef-expressing cells and GFP-expressing and 
untransfected control cells kept also an easily recognizable round cell body but with a 
longer uropod in general. All in all, the double mutant resembled better the phenotype 





Analysis over time of the area covered by cells from the same videos was also 
performed as an evaluation of the polarization extent (Figure 4.12). As expected, 
Nef.GFP-expressing cells displayed an almost 2-fold reduction in the area covered over 
time as compared to GFP-expressing control cells (213.73 +/- 106.14 μm2/h vs 397.5 +/- 
75.9 μm2/h, respectively). Only a subtle change could be observed in the area covered 
over time for the Δ12-39 Nef mutant as compared to wt Nef (284.8 +/- 138.2 μm2/h). 
F195A and Δ12-39.F195A were defective for this Nef effect and did not cause a 
reduction in respect to GFP-expressing control cells (394.4 +/- 152.9 μm2/h and 462.4 
+/- 181.2 μm2/h, respectively) 
Taken together, the results shown so far describe a Nef-induced polarity defect in 
human PBMCs in the context of infection and identify the α-helical motif 12-39, 
required for the assembly of the NAKC, as a new determinant for this effect together 




with F195, involved in the interaction with PAK2 and responsible for actin dynamics 
disruption. Further characterization of the requirement of these motifs, and thereby of T 
cell polarization, for TEM via an artificial chemotaxis in vitro assay led to no 
conclusive results. Therefore, the following presents the setting up of a more 
physiologically meaningful TEM experimental system intended to help us 
understanding the contribution of polarity impairment to the negative effects of Nef on 




represent  the  arithmetic mean  and  standard  deviation  for  at  least  6  analyzed  cells. Analysis was  performed  by 
Nikolaos Tsopulidis using FIJI.  
 
4.11 Establishment of an in vitro system to study transendothelial migration of 
primary infected human T lymphocytes 
T lymphocytes constantly migrate between blood and secondary lymphoid organs. This 
is a hallmark of lymphocyte function that leads to their activation, antigen-specificity 
development and efficient immune surveillance. It also requires constant crossing of the 
vascular endothelium by the complex, multistep process of TEM (Ley et al., 2007; 
Nourshargh and Alon, 2014). Successful transmigration is typically followed by 




subendothelial locomotion and penetration into the underlying tissue. The study of TEM 
using primary human lymphocytes and endothelial cells in vitro is something that has 
been already performed and established by others (Boscacci et al., 2010; Muller and 
Luscinskas, 2008; Stolp et al., 2012). Primary human umbilical vein endothelial cells 
(HUVECs) are typically used to that end. These cells are able to form continuous 
monolayers which impose some difficulties for the lymphocytes to migrate through 
them. This makes of it an active process which requires strong stretching or polarization 
of the transmigrating cells to push their cell bodies through, and more specially their 
voluminous nucleus. Our laboratory has previously described that Nef interferes with 
TEM and subendothelial tissue migration both in vivo and ex vivo imposing a defect on 
T cell homing. While the inhibition of subendothelial migration is mediated via the 
effects of Nef-PAK2 on actin dynamics, Nef effects on transmigration involve other, yet 
to be determined protein interactions. Notably, the inability to transmigrate of Nef-
expressing cells was paralleled by a marked reduction of cell polarization. Therefore, 
we hypothesized that the observed new polarity defining Nef determinant 12-39 may be 
required for hindering TEM.  
In order to study the effects of deletion of the 12-39 deletion of Nef in TEM we 
designed an experiment in which infected and sorted human PBMCs will then be tested 
for transmigration through a primary HUVEC monolayer under shear flow. This highly 
complex experimental set up needed to be first established in our lab. To achieve 
attachment of lymphocytes to the HUVECs monolayer, the endothelial cells have to be 
activated e.g. with tumor necrosis factor-α (TNF-α) which stimulates surface expression 
of key adhesion molecules involved in TEM such as E-selectin, intercellular adhesion 
molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and 
platelet/endothelial adhesion molecule-1 (PECAM-1) (Pober and Cotran, 1990; Pober 
and Sessa, 2007). TNF-α concentration is critical for the correct activation and if it is 
too high this can result in cell aggregation or death (Figure 4.13A). Evaluation of the 
formation of continuous monolayers requires monitoring over time. We did this by 
seeding cells simultaneously on cell culture plates suitable for microscopy and transwell 
inserts, both coated with matrigel. The first ones allowed us visualizing the monolayer 
and the second ones facilitated a system in which we could measure trans-endothelial 
electrical resistance (TEER), as a method to evaluate the integrity of the monolayer. We 
seeded cells in two different concentrations, 3.125 x 104 cell/cm2 (low cell 
concentration) or 1.25 x 105 cell/cm2 (high cell concentration) treated with TNF-α 4.3 
ng/ml (200 U/ml) or untreated. We then monitored over a period of 30h the formation 
and evolution of the HUVEC monolayers both visually and by TEER measurements. 
Despite of visually looking confluent, the monolayers were not completely sealed as 
inferred from the TEER measurements (Figure 4.13B and C, images of cells at low 
concentration not shown). No differences were detected at any studied timepoint 
between cells seeded at any concentration or treated with TNF-α when compared to 
empty matrigel-coated transwell inserts.  




Fig.  4.13  A  system  to  study  transendothelial  migration  in  vitro:  Human  Umbilical  Venule  Endothelial  Cells 
(HUVECs). (A) White field micrographs showing the effects of a too high concentration of TNF‐α (25 ng/μl). Scale bar 
= 500 µm.    (B) HUVECs were  seeded at various concentrations on Matrigel‐coated cell culture dishes with cover 
glass‐like  bottom,  which  allow  microscopy  visualization.  White  field  micrographs  of  HUVECs  seeded  at  high 
concentration (1.25 x 105 cell/cm2) over 30 hours. (C) Cells from the same source as in B were seeded on Matrigel‐
coated transwells at concentrations of 3.125 x 104 cell/cm2 (Low cell concentration) or 1.25 x 105 cell/cm2 (High cell 
concentration) and  treated when  indicated with TNF‐α 4.3 ng/ml  (200 U/ml)  for 16 hours. Measurement of  the 
Trans Endothelial Electrical Resistance  (TEER) was performed as an evaluation of  the  integrity of  the monolayer. 
TEER values for empty transwells were used for comparison.  
 
Endothelial cells construct confluent monolayers by formation of tight junctions (TJ) 
between them (Beese et al., 2010). This provides structural anchoring between the cells 
keeping them at close distance. Therefore, we studied TJ formation by seeding 
HUVECs on matrigel-coated cell culture plates suitable for microscopy at a 
concentration of 1.25 x 105 cell/cm2 and treating them with 4.3 ng/ml TNF-α for 16 




hours. Cells were fixed 30 hours after seeding with PFA, Methanol of 
Acetone/Methanol and stained for the TJ markers Claudin-1, E-Cadherin (data not 
shown), ZO-1 and Occludin (Figure 4.14). In line with the TEER measurements, no 
tight junctions were observed for any of the fixation conditions studied. To test why we 
did not observe TJ, we used hepatocarcinoma cell line Huh7 as a positive control. 
Staining of these cells resulted in the characteristic net pattern evidencing antibodies did 
efficiently and specifically stain their target proteins (Figure 4.14). 






We next speculated that the matrix coating of the cell culture surface on which the 
HUVECs grow could be the limiting factor to achieve a confluent monolayer. Time and 
cell seeding concentration were also key factors to be assessed. We therefore tested 
other coatings namely FN, gelatin and collagen and compared them to matrigel. We 
seeded cells on coated-cell culture plates suitable for microscopy at three different 
densities, 9.375 x 104, 1.094 x 105 and 1.25 x 105 cell/cm2, and monitored TEER over a 
longer time period of 65 hours. At this late time-point bright field images were also 
acquired to visually evaluate the integrity of the endothelial monolayers. HUVECs grew 
on all four matrices (Figure 4.15A). However, cell-free areas were clearly visible on 
gelatin- and collagen- coated plates at all concentrations. Cells on collagen grew not 
only as a 2D culture but also formed 3D structures which mirrored those observed in 
angiogenesis reports (Klose et al., 2015; Martin et al., 2008). On the other hand, 
endothelial monolayers grown on FN and matrigel seemed to be rather confluent when 
analyzed by eye. A more careful analysis of HUVECs seeded on matrigel-coated plate 
evidenced the appearance of cell-free areas or holes (Figure 4.15B), which could 




explain the previous lack of success when measuring TEER (Figure 4.13C). In line with 
the cell-free spaces observed in the bright field images of HUVECs cultured on 
matrigel-, gelatin- and collagen-coated cell culture plates, the TEER values obtained for 
these samples did not show a significant change as compared to those of control empty 
transwell inserts coated with the same matrices (Figure 4.15C). In spite of the promising 
appearance of the endothelial monolayers grown on FN, the TEER values for these 
samples did not significantly differ from those of control empty transwells either.  
We now believe that in order to form a continuous monolayer where HUVECs interact 
closely among them and form tight junctions, they need to be seeded at a lower 
concentration (not seeded to density) and proliferate. This way when they get to touch 
each other junctions will be developed resulting in a confluent monolayer. Increasing 
the content in growth factors and specially Vascular Endothelial Growth Factor (VEGF) 
allows better and faster proliferation of HUVECs. These difference in growth rate 
compared to the regular medium cannot be observed for early passage (Figure 4.15D), 
but it is very prominent for passages there on (passage 3 and beyond). 














































































































































































































































































































































4.12 Human lymphocytes attach, crawl and perform TEM under shear flow 
Despite of not having achieved a continuous monolayer, we wanted to test whether our 
designed experimental set up can potentially work once endothelial cells handling is 
optimized. With this aim, we isolated PBMCs from Buffy coats of healthy donors 
followed by a CD4+ cell selection and activation with PHA and IL-2 for 72 hours. In 
parallel we seeded HUVECs on matrigel-coated culture plates and acquired an 
endothelial monolayer relatively high in confluence in certain areas as assessed by eye. 
Activation of the endothelial cells with was performed by adding TNF-α at a 
concentration of 4.3 ng/ml (200 U/ml) for 16 hours. Coating the monolayer with CCL-
21 shortly before the TEM assay is necessary for T cells to adhere and roll on it (Bao et 
al., 2010; Shamri et al., 2005; von Andrian and Mempel, 2003). CD4+ lymphocytes 
were then perfused on the HUVECs utilizing a handmade TEM flow chamber and a 
syringe pump that allows adjustment of the flow. At a constant shear flow of 1.5 
dyn/cm2, a high number of PBMCs successfully attached to the endothelial cells (Figure 
4.16A). Furthermore, they displayed a highly motile behavior with a clear preference to 
migrate on or specially underneath the endothelial cells. Lymphocytes crawling on cell-
free, matrigel-coated plastic were very rare. By the end of the video all cells appear to 
be underneath the endothelial cells.  
A closer look at the video in an area of highly confluent endothelium revealed a cell 
performing TEM (Figure 4.16B). The observed diapedesis event is easily detectable by 
the characteristic progressive darkening of the cell body as it migrates through the 
endothelial cell layer and the observable uropod tip which is the last part of the cell in 
becoming dark. 
Thus, from this preliminar experiment we conclude that the in vitro TEM assay we plan 
to perform with primary infected human T lymphocytes could potentially work since 
uninfected cells are able to adhere to and crawl on HUVECs, transmigrate and migrate 
subendothelially. 








in  (B).  Scale bar = 50  μm.  (B)  Zoom  from  images  in  (A)  showing a  cell presumably undergoing diapedesis. Black 
arrows point to the specific cell before and after extravasation.  Scale bar = 10 μm. 
 




4.13 Sorting of HIV-1 infected cells will allow studying effects of Nef on TEM in 
the context of infection    
HIV-1 infection efficiency of primary T lymphocytes in vitro is very low even with pre-
activation of the target lymphocytes. Working with a homogeneously infected 
population is essential in our case since the presence of non infected, and thereby no 
Nef-expressing cells for example would lead to an elevated number of transmigration 
events and therefore to an underestimation of the Nef effect. In order to achieve a 
homogeneously infected population, Dr. Andrea Imle developed in our laboratory a 
proviral plasmid which allows sorting of infected cells. This provirus originates from 
the NL4.3 HIV-1 backbone and it contains sorting cassette expressing YFP fused to the 
transmembrane domain of Platelet Derived Growth Factor Receptor (PDGFR) (Figure 
4.17A). Since infection efficiencies are even lower as with the parental NL4.3 HIV-1 
virus strain, an optimized activation method was also developed by Dr. Andrea Imle to 
achieve higher infection rates (up to 3-6%). After infection with such virus, incubation 
with anti-YFP antibody-coupled magnetic beads allows for positive selection of 
infected cells and achievement of a highly pure infected population (over 90% HIV-1 
infected cells) (Figure 4.17C). The original provirus generated by Dr. Andrea Imle 
contained NL4.3 nef. In order to be able to compare our previous results obtained by 
studying Nef-mediated effects on polarity, we needed to substitute this NL4.3 nef with 
the SF2 nef used previously. We also included Δ12-39 nef, F195A nef and AXXA nef 
genes to be able to evaluate whether Nef motifs important for T lymphocyte polarity 
disruption play a role as well in TEM as we hypothesize. Cloning of all nef versions was 
successful as judged from the SDS-PAGE and Western Blotting of virus producer 293T 
cell lysates (Figure 4.17B). Nef was detected at the right size (~27kDa) in all producer 
cell lysates except for those transfected with a ΔNef provirus, whose nef gene 
expression is blocked by an artificially included early stop codon. (second and third 
lanes). As expected the 12-39 deletion of Nef resulted in a slightly higher 
electrophoretic mobility (~22kDa). Unprocessed Gag p55, intermediate-processed Gag 
p41 and the capsid protein p24 CA were also detected for all producer cell lysates 
although in variable levels, which mirror differences in gel loading as concluded when 
comparing to the WB signal of a house keeping gene, e.g. transferring receptor (TfR). 
Further successful confirmation was obtained by sequencing the cloned proviral 
plasmids.  
Infected cell-sorting worked appropriately for cells infected with wt, ΔNef and Δ12-39 
Nef viruses (shown in Figure 17.C for wt infected cells). The yield of infected cells 
obtained ranged between 3 and 7%. This was sufficient (>2%) for cell-sorting. 
Taken together, this NL4.3-backbone based, sortable virus provides a perfect tool to 
study TEM allowing for purification of a heterogeneous population obtained after in 
vitro infection.   





human  lymphocytes.  (A)  Schematic  diagram  of  the  modified,  NL4.3‐backbone‐based  HIV‐1  provirus  construct 














5.1 Overlapping functions between HIV-1 Nef and Vpu 
The work shown in the section 3 of this dissertation is partly incorporated or related to a 
recent study of our laboratory which aimed at improving understanding the breadth of 
the Nef- and Vpu-mediated downmodulation of cell surface molecules and membrane 
receptors (Haller et al., 2014). In this study a parallel analysis of 105 host cell 
membrane proteins present in human A3.01 T cells was performed. One third of them 
were newly identified as targets of HIV-1 Nef-mediated downregulation (36/105). 
Interestingly, a number of cell membrane markers were shown to be affected by HIV-1 
Vpu expression (32/105), all of which were targeted as well by HIV-1 Nef. Overall, the 
effects mediated by HIV-1 Vpu (or SIVmac239 Nef) on the surface levels of the 
receptors were less marked than those seen for HIV-1 Nef. This likely mirrors the 
capacity of Nef to not only block the anterograde transport of newly synthesized 
receptor molecules but also to induce their internalization (Casartelli et al., 2006; Giolo 
et al., 2007; Laguette et al., 2010; Laguette et al., 2009; Matusali et al., 2012; Roeth and 
Collins, 2006; Wonderlich et al., 2011). Vpu however can only block anterograde 
transport without inducing internalization (Bolduan et al., 2013; Dube et al., 2011; 
Kerkau et al., 1997; Lindwasser et al., 2007; Pujol et al., 2016; Schmidt et al., 2011; 
Willey et al., 1992a). Therefore, the ultimate effect induced by Vpu will depend 
strongly on the degree of turnover, i.e. endocytic internalization and anterograde 
transport of the specific cargo molecule, and when these processes are slow, as for 
relatively stable membrane protein pools, Vpu will fail to achieve the downregulation 
extent facilitated by Nef.  
Of note, the surface levels of all members of the TSPAN superfamily of transmembrane 
proteins studied were affected by both HIV-1 Nef and Vpu, two of which appeared 
among the most strongly downregulated molecules in the screen. The Thali laboratory 
had previously observed that CD81 -a representative member of the TSPAN family also 
included in our study-, despite of being present at the assembly sites of HIV-1 
(Nydegger et al., 2006), is largely downregulated from the infected cell surface 
(Krementsov et al., 2009). As a confirmation of our findings, in a parallel, independent 
study they could describe Vpu as the responsible factor for TSPANs downregulation in 
the context of infection (Lambele et al., 2015). A third study by Matheson et al. also 
obtained results consistent to the ones we have shown (Matheson et al., 2015). They 
identified downregulation of TSPANs among many other molecules from the plasma 
membrane of CEM-T4 T cells infected with a VSV-g pseudotyped HIV-1 reporter 
virus. To that end, they used a systematic, not-candidate-based screening approach 
combining plasma membrane profiling (PMP; PM enrichment through selective 
aminooxy-byotinilation) with tandem mass tag (TMT) and stable isotope labeling by 
aminoacids in cell culture (SILAC)-based quantitative proteomics. With this technical 
set up, these authors have been able to quantitate a much larger panel of proteins (2320, 
among which 804 were already reported to locate at the plasma membrane) and thereby 
have identified a large number of downregulation targets upon HIV-1 infection. 




Interestingly, their preoteomics approach correlated well with quantification by flow 
cytometry and together with TSPANs CD37/53/63/81/82 they identified other known 
downregulation targets such as CD28, CCR7 or NTB-A. Taken together, our results and 
the results obtained by others identify a new family of receptors as major target for 
downmodulation by HIV-1 accessory proteins.  
In this work, a first attempt towards understanding the mechanism by which the two 
lentiviral accessory proteins induce TSPANs surface level reduction has been carried 
out by studying the contribution of several well-described motifs of each of these 
proteins in downregulation. Despite of no clearly comparable downregulation profiles 
applying to all TSPANs studied, clear differences in the mechanisms by which each of 
the viral factors induce downregulation of these molecules can be glimpsed from the 
overall data by Haller et al. (Haller et al., 2014). Here, we also observed that the overlap 
in specificity between HIV-1 Nef and Vpu applies to other proteins different than 
membrane molecules and receptors. The host cell peripheral protein Lck was observed 
to be targeted by both lentiviral proteins to intracellular accumulation. The data again 
suggest that two different mechanisms converge in the same effect here. One last 
activity described for Nef which remained unexplored for Vpu is the enhancement of 
EV secretion. We describe here that this represents one more shared function between 
the two accessory proteins and that, unlike what we could see for surface receptor 
downregulation and Lck rerouting to intracellular compartments, Vpu shows more 
pronounced effects than Nef. 
5.1.1 Specific Nef- and Vpu-mediated TSPAN downregulation and determinants 
involved 
The fact that numerous surface receptors were unaffected by the expression of HIV-1 
Nef or Vpu (or SIV Nef) suggests that of those which were efficiently downregulated 
were selectively targeted by the viral proteins. We however wanted to strengthen 
experimentally this point. To that aim, we compared the effect mediated by the 
expression of Nef and Vpu on TSPANs surface levels to that of completely unrelated 
proteins with similar membrane anchoring mechanisms, namely N18src.GFP and 
pDisplay.YFP (Geist et al., 2014; Pan et al., 2013b). As expected, none of the unrelated 
proteins induced reduction in the levels of the TSPANs studied whereas the HIV-1 
accessory proteins caused a marked effect. This strategy provides thereby evidence that 
the effect induced by HIV-1 Nef and Vpu does not result from an artifact such as an 
unspecific disturbance of membrane transport associated to membrane association and 
insertion of the viral factors, respectively.       
In this study, we attempted for the first time to define molecular determinants in Nef 
and Vpu required for TSPAN downmodulation. We addressed this by analyzing the 
effect of mutations targeting motifs implicated in well-described functions or protein-
protein interactions of these proteins. Of note, our mutant screen did not identify a motif 
leading to loss of TSPAN downregulation function upon induction of sequence changes. 
The downregulation profile obtained for the mutants tested was however similar for the 




TSPANs studied. In the case of Nef a partial effect was observed for all three mutants 
targeting motifs within the SH3-interacting domain (EEEE66-69 and the VGF and PxxP 
motifs), involved in a number of protein-protein interactions required for interference 
with intracellular trafficking and cell membrane receptor downregulation, e.g. 
trafficking of Lck or surface downregulation of MHC-I (Collette et al., 1996; 
Meuwissen et al., 2012; Piguet et al., 2000; Saksela et al., 1995). The only exception 
was CD37 for which a partial effect could be observed when the dileucine motif at the 
C-terminal flexible loop implicated in CD4 downregulation via endocytic components, 
was mutated (LL168/169) (Craig et al., 1998; Chaudhuri et al., 2007). Also, a slightly 
less pronounced effect on CD37 downregulation was observed for mutations at the 
flexible loop and the SH3-binding domain of Nef (ED178/179, and EEEE66-69 and 
VGF respectively). For Vpu-induced downregulation a partial effect was observed for 
mutations at the transmembrane motif and the diserine motif, required for the 
interaction with β-TrCP and tetherin, respectively. Neither for Nef nor for Vpu the 
downregulation profiles obtained in this mutant screen resembled that of receptors with 
already described mechanisms, like CD4 or tetherin (used as controls in this study) or 
MHC-I.  
HIV-1 Vpu has also been shown to induce the intracellular accumulation of and 
colocalize with TSPANs at a TGN marker-positive compartment when overexpressed 
(Haller et al., 2014) and also in the context of infection (Lambele et al., 2015). 
Importantly, robust coimmunoprecipitation with TSPANs has been shown by us (Haller 
et al., 2014) and direct interaction has been observed independently by Lambelé et al. 
between CD81 and Vpu using fluorescence resonance energy transfer (FRET) (Lambele 
et al., 2015). These authors have also shown that pharmacological inhibition of 
lysosomal and proteasomal degradation blocks the Vpu-induced decrease in total CD81 
content suggesting Vpu mediates surface downregulation of this TSPAN. Furthermore, 
we have observed that Vpu coimmunoprecipitated with TSPANs even after disruption 
of TEMs by harsher buffer conditions (unpublished data) (Haller et al., 2014). This 
argues against a model in which Vpu coassembles with TSPANs at specific membrane 
microdomains, but rather reflects a direct protein-protein interaction as part of the Vpu-
mediated TSPAN downregulation from the host cell surface, intracellular accumulation 
and degradation. Given the central role of Vpu for TSPAN cell surface downregulation 
upon HIV-1 infection, dissecting the mechanism of this interaction would likely bring 
some clarification as to how specific downregulation of TSPAN take place in the sole 
presence of Vpu and in the context of infection. Weak (Haller et al., 2014) or no 
interactions (Lambele et al., 2015) were described for HIV-1 Nef with TSPANs. 
Colocalization between Nef and TSPAN molecules at perinuclear compartments was 
also less marked as that seen for Vpu (Haller et al., 2014). These observations suggest 
that Nef may alter TSPAN intracellular transport indirectly as it has been described for 
the induced accumulation of Lck at RE/TGN for which association and colocalization 
with Nef are not required (Pan et al., 2013b; Pan et al., 2012). 




Taken together, the results shown here and those reported by Haller et al. suggest that 
HIV-1 Nef and Vpu may affect trafficking of TSPANs, amongst a wide range of 
cellular cargo, by different mechanisms. Moreover, the downregulation of this large 
spectrum of target membrane proteins likely mirrors the alteration induced by Nef and 
Vpu of general transport routes of which the downregulated molecules are cargo and 
argues against the “direct connector model”, previously described for specific molecules 
like CD4 or MHC-I (Mangasarian et al., 1997).  
5.1.2 HIV-1 Nef and Vpu overlapping functions extend to peripheral membrane 
proteins such as Lck 
HIV-1 is known to utilize it accessory protein Nef to finely modify basal T cell 
activation levels and the responsiveness to TCR engagement (Abraham and Fackler, 
2012; Baur et al., 1994; Fackler and Baur, 2002; Simmons et al., 2001). The block in 
some TCR proximal signaling transduction events like the reorganization of the actin 
cytoskeleton, TCR signaling-related protein microcluster formation or tyrosine 
phosphorylation significantly contribute to reduce AICD and prolong the life of infected 
cells (Abraham et al., 2012; Haller et al., 2007; Haller et al., 2006; Schindler et al., 
2006; Thoulouze et al., 2006). Perturbances in distal signaling events such as the Nef-
dependent intensification of the Ras-Erk signaling contribute to promote replication 
(Pan et al., 2012; Schrager et al., 2002). Our laboratory showed recently that Nef-
induced manipulation of proximal and distal TCR signaling events rely on one the 
relocalization of the Src kinase master switch Lck to RE/TGN compartments (Pan et al., 
2012). This Nef effect is highly specific since the closely related Src family kinase Fyn 
cellular distribution remains unaltered. Whereas the Nef-induced retargeting of a central 
player in early TCR signal transmission such as Lck results in block of TCR signaling at 
initial steps, the intracellular pool of Lck is highly active and contributes to signaling 
specifically to the Ras-Erk cascade to promote viral replication (Pan et al., 2013a; Pan et 
al., 2012).  
In this work we have described for the first time that HIV-1 Vpu can also induce 
relocalization of Lck towards intracellular compartments. However, the magnitude of 
the intracellular accumulation as well as the frequency of cells showing accumulation 
was significantly lower than that seen in Nef-expressing cells. The Vpu-mediated effect 
became more pronounced when the analysis was restricted to newly synthesized Lck. 
Under these conditions Vpu (or Nef) and Lck were synthesized simultaneously and the 
amount of Vpu-expressing cells showing intracellular Lck accumulation was 
comparable to that in Nef-expressing cells. Nevertheless, the magnitude of the Vpu-
effect remained lower. As seen in the case of the downregulation effect caused by the 
two lentiviral proteins, the more pronounced effect observed for Nef than for Vpu might 
reflect the ability of Nef to retarget the whole cellular pool of Lck by altering transport 
to as well as from the plasma membrane. On the contrary, Vpu is only able to block 
anterograde transport of newly synthesized Lck molecules to the plasma membrane, 
being unable to target Lck molecules which have reached already their steady-state 
distribution. Our results show that HIV-1 Vpu can potentially retarget the peripheral 




membrane protein Lck. However, the fact that the observed Vpu-mediated effect is 
exclusively significant when Lck is overexpressed is probably mirroring the lack of 
biological relevance of this process.   
5.1.3 Vpu, like Nef, enhances EV release and exploits this strategy to induce its 
own export 
Enhancement of EV release is another activity which has been described for Nef but 
remained unstudied for Vpu. HIV-1 Nef expressed alone or in the context of viral 
infection enhances EV release (Campbell et al., 2008; Lenassi et al., 2010; Muratori et 
al., 2009). Furthermore, it induces its self-incorporation into the EVs. This leads to the 
induction of intracellular signaling and transport changes in bystander cells upon uptake 
of the shed EVs generating a favorable environment for viral replication and spread. Of 
note, Nef-positive EVs have been reported not only to be present in cell culture but also 
in plasma of HIV-infected patients (Raymond et al., 2011) It has been described that the 
released EVs triggered cell death in recipient cells, thus providing a potential 
mechanism for the bystander CD4+ T loss which represents a hallmark of HIV infection 
(Lenassi et al., 2010). Consistent with these studies, we have been able to detect Nef in 
EVs derived from A3.01 human T cells upon isolated expression of the accessory 
protein in vitro. Furthermore, we could observe a marked Nef-induced enhancement of 
EVs release in these cells as concluded from the higher CD63 and CD81 WB signal 
obtained as well as a strong increase in total protein content in the EV preparation when 
compared to GFP-expressing cells-derived control EVs. Of note, the CD63 signal and 
the total proteins content of CLs from both Nef-expressing and control cells showed 
comparable levels. The CD81 signal from lysates of Nef-expressing was stronger as that 
seen for GFP-expressing control cells, however the difference was not as marked as that 
seen between the CD81 signal of EVs derived from both cell cultures. Viewing these 
results, we can conclude we have confirmed the induction of EV release by Nef 
previously reported by others. 
Importantly, here and for the first time we have observed that enhancement of EV 
release can also be observed upon isolated expression of HIV-1 Vpu. Moreover, we 
have seen that the effect mediated by Vpu, in contrast to what was observed for cell 
surface receptor downregulation or rerouting of Lck, was stronger than the effect 
mediated by Nef. Of note, this novel observation has set up the basis to identify the 
presence of Vpu in EVs in the plasma of HIV-infected patients in a subsequent study by 
our collaborators, thus highlighting the physiological relevance of Vpu incorporation 
into EVs (Lee et al., 2016). Interestingly, these authors observe abnormally high 
amounts of EVs in the plasma of infected patients and detect both accessory proteins in 
them. Also interesting is that the biochemical analysis of those EVs shows absence of 
CD81, unlike what has been seen in this work. This is a surprising finding knowing that 
CD81 is a prototypical exosomal marker present in exosomes from most cell types and 
it might reflect the proteome of the main producer cells. 




Based on the Western Blot signal obtained and despite of being expressed at a 
comparable degree in producer cells, EVs contained lower levels of Vpu than of Nef. 
Interestingly, the amount of CD81 and CD63 present in EVs from Vpu-expressing cells 
was considerably higher than that in Nef-expressing cells suggesting a more potent 
boost in EV release induced in the former case. This is consistent with slightly higher 
total protein content in EVs derived from Vpu- than for Nef-expressing cells and no 
visible difference in the same parameter for CL from these cells. Importantly, both 
proteins enhance significantly exosome release as compared to  
It is important to point out that the results shown in Section 3.7 (and also in Section 3.6) 
of this work have been obtained only once and would need further repetition to make 
the data and the conclusions from this part more robust. Nevertheless, we believe that 
the validation of previously published observations regarding Nef-induced secretion 
enhancement and its own inclusion onto released EVs (Campbell et al., 2008; Lenassi et 
al., 2010; Muratori et al., 2009) represents a strong argument contributing to the 
credibility of the obtained Vpu results in regard to EV release.   
Amongst the aims of this part of this doctoral work there was testing the hypothetical 
mechanism of TSPAN downregulation by enrichment and export onto EVs. 
Understanding which motifs of Nef and Vpu are important for the described effect on 
EV release enhancement was also of our interest. Technical issues however kept us 
from going that far into mechanistic research. The main reason for that was the low 
amounts of EVs obtained from T cell line cultures. This forced us to scale up the 
experimental settings and to use very high amounts of plasmidic DNA for transfection 
(section 3.6) or of lentiviral vectors for transduction (section 3.7). In this context, testing 
Nef and Vpu mutants would have required extremely high volumes of cell culture 
(litters) and it would have been unfeasible concerning time and resources. A recent 
publication by Choudhuri et al. showed that T cell vesicle secretion occurs in a very 
polarized manner directed to the immunological synapse formed upon recognition of 
cognate antigen-MHC-I complexes (Choudhuri et al., 2014). This is consistent with the 
increase in EV release we observed upon stimulation of A3.01 T cells with activating 
surfaces coated with TCR triggering antibodies. Furthermore, it offers an explanation 
for the low secretion levels observed for T cells in culture.       
5.1.4 Evolutionary perspective and functional advantage of redundancy in 
biological activity between HIV-1 Nef and Vpu 
The appearance of the vpu gene in some SIV precursors and its inter-species 
transmission to HIV resulted in a duplication of the manipulative potential on the host 
cell physiology mediated by the accessory proteins Nef and Vpu. As we describe here, 
Nef and Vpu alter intracellular transport, endocytosis and exocytosis leading to 
modification of cell surface molecule exposure of a broad range of molecules like 
TSPANs, retargeting of peripheral membrane proteins like Lck and enhanced vesicle 
secretion. The fact that Nef and Vpu are expressed early and late in the replication 
cycle, respectively, ensures to achieve efficiently vesicular trafficking modification at 




all time points of its life cycle. It also allows for adaptation to different cellular 
environments given the mechanistic divergence of Nef and Vpu for the activities studied 
in this work. Furthermore, it provides a safeguarding mechanism and preventing the 
loss of those activities by disrupting mutation acquisition or counteraction. 
In contrast to the redundancy of function observed in our work, HIV-1 Nef and Vpu still 
posses well differentiated, distinct activities that are not shared. Examples of this are the 
enhancement in viral infectivity and actin rearrangements disruption by Nef, and 
counteraction of tetherin and boost of viral release by Vpu. Altogether, the complexity 
of activities, shared or specific, carried out by the accessory proteins Nef and Vpu of 
HIV-1 might have been the consequence of a detailed adaptation of the virus to achieve 
efficient infection in humans. 
From the functional point of view, it is tempting to speculate about the benefits 
generated by the studied processes affected by both HIV-1 Nef and Vpu, which in some 
cases are already known: 
 TSPANs have been described to disrupt membrane fusion by a yet to be 
identified mechanism (Symeonides et al., 2014; Takeda et al., 2003). 
Additionally, these molecules are present in HIV virion envelopes and it has 
been described that assembly occurs preferentially at TEMs (REFERENCES). 
In this scenario, TSPANS inhibit cell-to-cell fusion by binding of Env 
expressed at the membrane of infected cells and CD4 of neighboring cells 
(Gordon-Alonso et al., 2006; Weng et al., 2009) probably at the hemifusion step 
(Symeonides et al., 2014). It is easy to hypothesize that the described increase 
in virus cell-to-cell transmission results, at least partially, from the Nef- and 
Vpu-mediated downregulation of TSPANs from the plasma membrane 
(Casartelli et al., 2010; Haller et al., 2011; Malbec et al., 2013). 
 As mentioned before, Nef-mediated Lck rerouting to RE/TGN results in the 
inhibition of proximal TCR signaling steps avoiding AICD while downstream 
signaling is favored by the highly active intracellular Lck pool increasing viral 
replication. The redundancy of this activity by the Vpu protein likely permits 
efficient Lck targeting also at late steps of the viral cycle and provides a backup 
preventing from loss of this relevant function. 
 The incorporation of HIV-1 Nef and Vpu onto EVs provides a potentially 
strong strategy to alter the physiology of bystander cells (Muratori et al., 2009). 
This could translate into higher infection rates by rendering neighboring cells 
more permissive to infection or even induce and explain bystander cell death 
(Lenassi et al., 2010), a hallmark of AIDS. 
   
  




5.2  Effects of HIV-1 Nef on T cell polarity and TEM 
The negative impact of Nef on T cell motility has been extensively described by us and 
others (Choe et al., 2002; Hrecka et al., 2005; Janardhan et al., 2004; Lee et al., 2008; 
Nobile et al., 2010; Park and He, 2009; Stolp et al., 2010; Stolp et al., 2012; Stolp et al., 
2009). Expression of the viral factor compromises the ability of these cells to undergo 
actin cytoskeleton rearrangements essential for efficient directional migration and 
results in chemotaxis block (Nobile et al., 2010; Stolp et al., 2010; Stolp et al., 2009). 
Our laboratory described the molecular mechanism by which Nef interferes with T cell 
actin dynamics and thereby with the motility of these cells to be the consequence of the 
interaction between the accessory protein and the host cell kinase PAK2 (Stolp et al., 
2010; Stolp et al., 2009). The interaction results in a shift in the specificity of the kinase 
towards a non-natural target, the actin severing factor cofilin. In this scenario, the 
phosphorylation of cofilin leads to its inactivation and thereby to a reduced actin 
turnover in the cell (Stolp et al., 2009). A subsequent study also by our laboratory 
reported that isolated expression of Nef in murine CD4+ T lymphocytes inhibits homing 
to lymph nodes in vivo using a mouse model (Stolp et al., 2012). Detailed investigation 
showed that the main block takes place at the level of migration through the 
endothelium as well as subendothelial migration. The latter appeared to be dependent on 
the effects of Nef on cell actin dynamics. The former however relies on other, yet 
unknown Nef molecular determinant(s). Notably, the impairment in TEM was 
paralleled by a block in polarization of T cells expressing Nef both on the endothelium 
and on collagen-coated surfaces under chemotactic stimulus. Only Park et al. have also 
addressed the question of how does Nef affect T cell polarization (Park and He, 2009). 
These authors used a Nef-inducible Jurkat T cell line and anti-LFA-1 antibody-coated 
surfaces to stimulate polarization of these cells. Importantly, both mentioned studies 
described for the first time a Nef effect on T cell polarization in the context of 
migration. However, many open questions remained such as if the Nef-induced polarity 
block can be observed in the context of infection of human primary cells and what is the 
relevance of it. The mechanism governing this Nef activity was completely unexplored 
as well.  
Here, we used a fibronectin stimulus-based 2D system to describe for the first time that 
HIV-1 SF2 Nef can hinder polarization of human PBMCs in the context of infection 
and of A3.01 T cells expressing the viral factor alone. Taken together, the results shown 
in this doctoral dissertation demonstrate that Nef is necessary and sufficient to cause 
this effect. Furthermore, together with the PAK2-interacting motif of Nef we identified 
the α-helical 12-39 stretch, required for the assembly of a kinase complex necessary for 
viral replication and enhanced EV secretion, as important for this activity (Figure 5.1). 
Further experimental work suggests that the relevant host protein among those forming 
the complex implicated on the Nef-induced polarity block is PKC. Future experiments 
should aim at identifying the isoform(s) involved and improve our understanding of the 
underlying mechanism. Besides, we have also set the basis here for a complex 
experiment to study the effects of Nef on transmigration of T cells through the 
endothelium ex vivo in the context of infection. This experiment intends to test our 




hypothesis that the TEM defect mediated by Nef is ultimately due to the polarization 
defect. 
5.2.1 Specific role of Nef on T cell polarization block in the context of infection        
As mentioned above previous studies targeting effects of Nef on T cell polarity where 
not performed with physiological HIV-1 target cells and used isolated expression of the 
lentiviral protein (Park and He, 2009; Stolp et al., 2012). Here we have studied primary 
human target cells of HIV-1 in the context of infection. According to our observations, 
the polarity loss occurs also as a result of infection. HIV-1 wt infection caused at least a 
two-fold decrease in the frequency of polarization in cells from all donors except for 
one case. In this scenario, preventing expression of Nef led to higher polarization 
frequencies in cell form all 13 donors studied. Thus Nef appears as the major player 
being necessary and often sufficient to mediate polarity disruption. The extent of the 
effect caused by Nef on T cell polarity was however subject to marked donor 
variability. Of note, cells from 7 out 13 donors analyzed showed polarization 
frequencies which equaled those of uninfected cells when infected with a virus lacking 
expression of Nef. Importantly, the impact of wt HIV-1 on polarization levels was not 
as strong as that seen for cells from the remaining 6 donors which did not recover 
polarization levels of uninfected cells when Nef was absent. While for the latter 6 
donors the frequencies of polarization upon HIV-1 wt infection ranged between 3.3 and 
15.0%, the values for the former 7 donors only ranged between 14.6 and 33.3%. Thus 
the stronger the effect of wt HIV-1 infection on the frequency of polarization of PBMCs 
is the lower are the probabilities to see a recovery to levels obtained for uninfected cells 
by subtracting Nef from the system.  
5.2.2 A system to study T cell polarization in vitro 
In order to study further study the effects of Nef on T cell polarity we needed to 
establish in our laboratory an experimental set up for that. Despite of unsuccessful 
efforts to nucleofect human PBMCs to study the observed polarity defect induced by 
Nef, we could finally find a much simpler and more versatile system. We thereby tested 
different human T cell lines on surfaces coated with different extracellular matrix 
molecules and under different conditions (data not shown). A3.01 human T cells proved 
to polarize on fibronectin-coated surfaces without the need for chemokine stimulation. 
Of note, these cells were able to polarize to similar levels of uninfected PBMCs even 
after transfection with a GFP expression vector. The fact that these cells can be easily 
transfected or transduced for delivery of expression plasmids makes of our fibronectin-
based 2D system a perfect set up for the study of T cell polarity under different 
conditions, e.g. after manipulation of our cells for expression of a variety of ectogenic 
proteins or following different pharmacological treatments.  
Notably, unlike in previous studies (Park and He, 2009; Stolp et al., 2012), chemokines 
were not utilized since fibronectin-integrin crosslinking was enough to induce 
polarization both of PBMCs and A3.01 cells in vitro. In this regard and consistent with 
this experimental set up, downregulation of LFA-1 has been reported as one of the 




mechanisms for Nef-mediated interference with T cell adhesion to the endothelium and 
with polarization, thereby inhibiting TEM (Park and He, 2009).    
5.2.3 Conservation of Nef-mediated T cell polarization defect in evolution  
This study reveals that the observed impact on T cell polarization by Nef is highly 
conserved among lentiviral proteins from SIV, HIV-1 and HIV-2. 18 Nef alleles, as 
well as specific SIV Nef mutants lacking CD3-downregulation activity, were studied for 
their ability to inhibit polarity in A3.01 human T cells. Notably, the HIV-1 YBF30 and 
the SIVcpz Tan 3 alleles failed or caused an intermediate decrease in polarization 
frequency levels, respectively. However, these alleles were previously reported to 
induce intermediate effect or to fail, respectively, in several Nef activities, namely Lck 
accumulation, inhibition of immunological synapse formation and concomitant tyrosine 
phosphorylation events (Rudolph et al., 2009). Additionally, SIVcpz Tan 3 Nef was also 
shown to be unable to inhibit membrane ruffles upon chemokine stimulation, 
chemotaxis and cofilin hyperphosphorylation induction (Stolp et al., 2010). This may 
indicate a global lack of most general Nef functions and our finding is consistent to it. 
Despite of the total independency of CD3 stimulus in our experimental set up, our data 
suggested initially dependency on CD3-downregulation as the overall effect of Nef 
proteins form HIV-1 and SIV unable to downregulate CD3 seemed less active in 
blocking T cell polarity than those of HIV-2 and other SIV strains able to do so. In 
order to study this implication we tested a panel of SIVblue Nef mutants with altered 
membrane receptor downregulation capacities as compared to the corresponding wt 
protein. Altogether, using these SIV Nef mutants helped us drawing the conclusion that 
Nef-mediated inhibition of T cell polarity is independent of CD3-downregulation 
activity. However, to our surprise, the trend observed for these mutants reflected exactly 
the opposite to what we observed with the whole set of alleles studied. Unlike the initial 
results with all the alleles, this other experiment showed that the two mutants unable to 
downregulate CD3 (R129/130A and R129A) were able to block polarity of A3.01 cells 
while the mutant downregulating selectively CD3 was not (E181A/L185A). Since CD4 
downregulation is dispensable for the Nef effect on T cell polarity (see below), the only 
possible explanation for the lack of function of the ELAA mutant should be linked to 
CD28 downregulation, which seems unlikely, or to other undetermined consequences of 
the mutation at the ExxxL motif for this precise Nef allele.  
5.2.4 12-39 stretch of Nef is important for T cell polarization impairment 
In search for molecular determinants implicated in T cell polarity block mediated by 
Nef we tested a panel of HIV-1 SF2 Nef mutants in our 2D fibronectin-based 
experimental system. As expected, the generally defective G2A mutant unable to anchor 
into membranes was unable to block polarity of A3.01 cells (Fackler et al., 2006; Geyer 
et al., 1999). Consistent to that observed previously, the F195A mutant specifically 
unable to interact with PAK2 and thereby to interfere with actin dynamics was also 
incapable of interfere with T cell polarity (Stolp et al., 2012). Interestingly, the PxxP 
motif had an intermediate, yet pronounced effect in our mutant screen, the integrity of 
which was described to be important for the inhibition of T cell motility (Park and He, 




2009). Importantly, our mutant screen defined a third region of Nef needed for polarity 
disruption, the 12-39 α-helical stretch which acts as a platform for the assembly of a 
multimolecular complex consisting of several host cell kinases and adaptor proteins. 
The formation of this complex has been reported to be necessary for viral replication 
(Witte et al., 2008), extracellular vesicular secretion induction (Muratori et al., 2009) 
and downregulation of CD4 form the plasma membrane (Fackler et al., 2006). Further 
confirmation of the implication of the 12-39 Nef stretch on T cell polarity disruption 
was achieved by infection experiments on human PBMCs were a HIV-1 virus bearing 
the deletion mutant showed polarization levels comparable to uninfected cells unlike wt 
HIV-1 infected cells which were strongly impaired for polarization. Here we describe 
for the first time the implication of this mutant in a migration-related phenotype. Since 
mutations at the flexible C-terminal loop involved in interaction with the endocytic 
machinery and thereby required for CD4 downregulation (Bresnahan et al., 1998; Craig 
et al., 1998; Lu et al., 1998) had no effect on T cell polarization and behaved like Nef wt 
we conclude CD4 downregulation is dispensable for polarity disruption and the 12-39 
stretch must be involved by a different mechanism.  
5.2.5 Possible mechanism of T cell polarity block via 12-39 motif, role of PKC 
In the absence of enzymatic activity, the HIV-1 Nef protein exerts its functions by 
interacting with other proteins and molecules in the host cell. The mechanism by which 
Nef interferes with T cell polarization via the 12-39 stretch remains elusive. Our data 
suggest however that Nef might carry out this activity via PKC signaling since 
pharmacological inhibition of the other NAKC components in A3.01 cells did not 
induce changes in the frequency of polarization when compared to Nef-expressing cells 
(Figure 5.1).  
Given that, besides the generally defective mutant of Nef G2A, the only two mutants of 
Nef relevant for T cell polarity disruption are F195A and Δ12-39, and knowing that the 
former hinders cellular actin rearrangements with high specificity, it is tempting to think 
that the latter acts also affecting the cytoskeletal organization. Interesting results were 
obtained from a large comparison of lentiviral Nef proteins for the conservation of 
PAK2-based hyperphosphorylation of cofilin as a strategy to hamper cell actin 
dynamics (Stolp et al., 2010). This study described a strong interaction between SIVcpz 
Tan 3 Nef and PAK2 but yet this Nef allele was unable to interfere with actin 
rearrangements. Thus, PAK2 association via the F195 (or equivalent residue) is 
necessary but not sufficient for the observed disruption in actin dynamics. Therefore, 
there might be other relevant motifs implicated in this Nef activity. On the other hand, a 
previous study by Haller and colleagues from our laboratory included an assay 
evaluating the inhibition of the F-actin ring formation at the immunological synapse, a 
structural scaffold to establish morphological and molecular polarity as well as directed 
secretion in this scenario. In that study it was reported that the Δ12-39 Nef mutant was 
partially dysfunctional as compared to Nef wt suggesting the implication of this Nef 
stretch in actin rearrangements inhibition (Haller et al., 2006). Additionally, a marked 
dependency on F-actin integrity has been reported for diapedesis as well as 




subendothelial migration (Cinamon et al., 2001). In line with this, F-actin regulators 
control both T-lymphocyte polarization and crawling on the endothelium (Faroudi et al., 
2010; Gerard et al., 2009; Heasman et al., 2010; Nombela-Arrieta et al., 2007; Shulman 
et al., 2006). Interestingly, the role of PKC, a component of the NAKC, in the 
regulation of actin dynamics and its impact on cell polarization and migration has been 
extensively studied in T lymphocytes. In this context, it has been reported that PKCβI 
was required for human T cell polarization and migration in vitro upon LFA-1-
dependent stimulation. It also colocalized during migration on anti-LFA-1 or ICAM-1 
(the cognate ligand of LFA-1) with the MTOC and microtubules at the uropod what 
suggests a role for this kinase on microtubule cytoskeleton rearrangements (Volkov et 
al., 1998; Volkov et al., 2001). Colocalization with MTOC and microtubules at the 
uropod under similar experimental conditions has also been described for PKCδ and 
pharmacological inhibition of this kinase hampered migration in a 3D matrix model 
(Fanning et al., 2005; Volkov et al., 1998). This kinase was reported to phosphorylate 
cytoskeletal adaptor paxillin contributing to LFA-1 activation and leading to adhesion 
(Romanova et al., 2010). Furthermore, phosphorylation of PKCδ has been shown to 
occur upon chemokine stimulation (Cronshaw et al., 2006). PKCε interacts with and 
phosphorylates Rab5a at the centrosomal region upon chemokine or integrin stimulation 
and regulates vesicular trafficking to the leading edge in migrating T cells. These events 
have been shown to be necessary for Rac1 activation, actin reorganization and T cell 
migration (Ong et al., 2014). The most studied PKC isoform in T cells is PKCθ due to 
the fact that its expression is more restricted to cell from the immune lineages and 
because it polarizes to the contact area between lymphocytes and APC or immune 
synapse (Zhang et al., 2013). Moreover, this kinase is central in antigen-dependent T 
cell activation and proliferation and induces chemokine secretion via activation of NF-
κB, AP-1 and NFAT. Whereas PKCθ localizes at the uropod of murine cells following 
chemokine stimulation and it regulates distribution of MTOC and ERM proteins 
(Cannon et al., 2013), this protein appears to localize at the leading edge of chemokine-
stimulated human lymphocytes (Freeley et al., 2012). Pharmacological inhibition in 
vitro and ex vivo experiments with PKCθ-deficient cells from knock-down mice show a 
marked reduction in migration towards chemokines when compared to the untreated or 
control counterparts, respectively (Cannon et al., 2013; Shahabi et al., 2008). In vivo 
studies however suggest that the observed effect is not as relevant as it could be 
expected from in vitro experiments (Cannon et al., 2013). Also, it is still unclear 
whether the impact of inhibition or lack of expression of PKCθ on migration are in fact 
the consequence of deficient T cell activation and adhesion due to impeded signaling 
events downstream of TCR (Letschka et al., 2008). Ultimately, atypical PKCs are 
known to regulate permanent polarity of epithelial cells (Chen and Zhang, 2013). 
Similarly, chemical inhibition or the use of dominant negative mutants of atypical PKCs 
part of polarity complexes in T cells following chemokine and integrin signaling 
showed impairment in polarization, migration and crawling on the endothelium under 
shear flow (Chen et al., 2008; Gerard et al., 2007; Gerard et al., 2009; Real et al., 2007). 
Furthermore, the F-actin bundling protein L-plastin has been reported to colocalize at 
the leading edge with and to become phosphorylated by PKC leading to defects in the 




activation of Rac1 and Akt phosphorylation upon chemokine stimulation. PKCζ is part 
of the Par3 complex, involved in the establishment of polarity in well-studied cell 
systems like the epithelium or neurons. The inhibition of this atypical PKC in T 
lymphocytes prevents CCL21-induced LFA-1 polarization (Giagulli et al., 2004). 
Furthermore, the polarization of this PKC isoform has been described during 
asymmetric division in T cells, a process strictly dependent on cell polarity (Chang et 
al., 2007). Ultimately, all this events led to inhibition of T cell polarization and 
migration on ICAM-1-coated surfaces in an LFA-1 activation- or adhesion-independent 
manner. Altogether, PKCs play key roles in T cell polarity and motility and this is 
mainly related to their function as cytoskeletal regulators and key signaling master 
molecules. Therefore, it seems reasonable that Nef could affect T cell polarity or even 
migration via the manipulation of PKC proteins.  
Fig 5.1 Final model: Nef interferes with T cell polarity via two different mechanisms involving either PAK‐2 or PKC 
being the latter potentially the missing pathway resulting in transendothelial migration. Previously reported Nef’s 
interaction with PAK‐2  leads to hyperphosphorylation and thus  inactivation of cofilin  interfering thereby with the 
actin cytoskeleton dynamics. Alternatively, Nef possesses another determinant, the 12‐39 α‐helical stretch, through 
which the viral protein  interacts with adaptor proteins of the NAKC. This complex  includes PKC which presumably 
acts as an effector of other  factors  involved  (A) or not  (B)  in actin regulation. As a consequence, T cell polarity  is 
disrupted.  Whether  the  exposed  hypothesis,  that  is  the  a  further  impairment  of  transendothelial  migration 
downstream  in  this pathway,  is  true will subsequently be examined using  the experimental system set up  in  this 
work.     
            
5.2.6 What do we learn from polarity monitoring by live microscopy?  
Live microscopy has worked efficiently in the present study to observe the dynamics of 
the process and how Nef modifies the behavior of A3.01 human T cells in this regard. 
One question we initially asked was “how does polarity take place”, “is it a transient 
mechanism that takes places frequently or in cycles or is it a rather a permanent process 




after which the cell remains long term elongated”. Our data shows that control A3.01 
cells polarize and depolarize constantly. They cycle between a rounded shape and an 
elongated one and at least for this cell type there is no clear predominance of one over 
the other state. This observation is consistent with the polarization values we have 
quantified generally for control cells of around 50% (40-60%). Nef-expressing cells 
however do not polarize that frequently. They remain round and, if at all, they polarize 
only very short intervals and with very low frequency. Altogether, the fact that we can 
see some Nef-expressing cells which polarize means that Nef does not completely block 
polarization capacity but it makes it much less frequent. If a Nef-expressing cell is able 
to polarize or not is probably dependent on the basal activity of that specific cell. Unlike 
wt Nef, the studied Nef mutants are unable to cause this effect. The way cells 
expressing these mutants polarize however is different suggesting different intensity in 
the effect mediated by each of them. Interestingly, expression of a Nef combining the 
mutations Δ12-39 and F195A results a phenotype that more closely resembles that of 
GFP-control cells. Altogether, we have learnt that polarity is a cyclic mechanism with 
high frequency of elongation-rounding events and Nef is able to reduce the frequency of 
this process significantly spacing the elongation events.      
5.2.7 Possible implication of T cell polarity impairment in TEM and migration 
Previous work from our laboratory described a lack of dependency on the PAK-2 
interacting domain for diapedesis, the central step of TEM, and therefore we decided to 
search for another molecular determinant responsible of that (Stolp et al., 2012). Given 
the parallel block on T cell polarity observed while studying TEM, we decided to 
characterize that effect aiming at learning more about both processes. We now know 
that both the 12-39 amino acid stretch and the F195 residue are important for Nef-
mediated polarity disruption. Whether the 12-39 deletion plays a role in inhibition of 
diapedesis or not is something we can only learn by performing the TEM study which 
has been set up and established in the present work. However, unpublished in vivo work 
form Dr. Sheetal Kaw from our laboratory suggest an important role of the 12-39 motif 
in T cell homing. The expression of the 12-39-deleted Nef by murine CD4+ T cells is 
enough to restore the block in T cell homing, as it was noticed before for F195A Nef 
mutant (Stolp et al., 2012). The effect observed is stronger at early timepoints (4 hours 
post-transfer into the mice) than that seen for the latter mutant. The impact of the 
expression of both mutants becomes equally important at a later timepoint (24 hours 
post-transfer into the mice). These results suggest that these two mutations may act 
through two different mechanisms to affect T cell homing yet leading to a convergent 
effect. Also, 12-39 is essential to mediate block of T cell homing at early timepoints as 
compared to F195 which enhances the implication of two different molecular 
mechanisms with different kinetics but an equal final consequence (Figure 5.1).   
5.2.8 T cell migration inhibition upon HIV-1 infection: the big picture 
HIV-1 infection of T cells results in a reduction in the migration of these cells. Previous 
studies’ results together with the ones presented here have pinpointed Nef as the main 
negative regulator of lymphocyte motility in this context. They also suggest that Nef 




disturbs T cell migration at multiple steps. Despite of the increasing amount of 
information on how Nef exerts this activity, the reason why inhibition of migration of T 
cells is beneficial for viral infection and spread remains a conundrum. Some authors 
think that by rendering infected cells static, the chances to meet other cells of the 
immune system and thereby being recognized and cleared are minimized (Park and He, 
2009).  It has been also suggested based on the inability of Nef-expressing cells to 
migrate towards the chemoattractant sphingosin-1-monophosphate S1P, involved in 
lymph node egress, that HIV-1 infected cells’ density in the lymph nodes can thereby 
increment resulting in a maximization of the cell-to-cell spread (Stolp et al., 2012). 
Given the capital role of migration for T cell function and immune surveillance, the 
deficiencies in polarity, migration and TEM observed for Nef-expressing cells may 
correlate with the incapacity of HIV-1 infected individuals to mount an efficient 
humoral response (Moir and Fauci, 2009). In contrast to this and other studies, in vivo 
data with humanized mice by Murooka et al. showed that most HIV-1 productively 
infected cells migrate actively likely promoting cell-to-cell spread through the formation 
of virological synapses and resulting in high viremia (Murooka et al., 2012). These 
discrepancies may reflect   





In this work, some of the functions exerted by the accessory proteins of HIV-1, Nef and 
Vpu, have been investigated. Our data shows a redundancy of functions among the two 
viral proteins that includes downregulation of TSPANs form the expressing-cell plasma 
membrane, Lck retargeting to intracellular compartments or enhancement of EV vesicle 
release. Despite of providing interesting clues about the molecular determinants 
involved in the first of those functions, TSPANs downregulation, our data could not 
provide definitive information on this regard. None of our mutants led to a clear cut 
effect in this assay and, in the case of Nef, the profiles obtained for the different 
molecules studied were even different to each other suggesting that different 
determinants could be involved in downregulation of individual TSPANs. In order to 
address this question in the future, screening of a larger Nef and Vpu mutant panel 
should be pursued. Even combination of mutations could help shedding some light on 
this. Concerning EV release, the main limitation faced for performing mechanistic 
studies was the small amounts of vesicles obtained from T cell cultures. Increasing 
culture size provided only small help improving the detection of EV markers. 
Alternatively, other cells different than our T cell lines were tested. Primary monocyte-
derived macrophages did not release substantial amounts of EV upon transduction for 
expression of Nef.GFP or Vpu.GFP. No better results were obtained with HUH7 cells 
and the same delivery method. Other cell types/lines may be tested in the future in order 
to establish a suitable experimental set up that allows mechanistic studies.  
The data shown in the second part of this thesis defines Nef as the main negative 
regulator of T cell polarization upon HIV-1 infection. A new Nef determinant 
implicated in the formation of the NAKC has been identified as necessary for T cell 
polarity disruption, besides the already defined motif specifically interfering with F-
actin dynamics. We hypothesize that the polarity defect correlates to the Nef-mediate 
block on TEM since the central step of this intricate process, diapedesis, implies a 
strong polarization of the T cells to squeeze it cellular body and nucleus through the 
endothelium. Here, the experimental conditions for the TEM experiment have been 
established. Conducting this experiment will prove whether the hypothesis formulated 
above is correct and will provide valuable information about the mechanism by which 
Nef specifically interferes with TEM, i.e. diapedesis. In this line, it has been previously 
postulated that the Nef-mediated block in diapedesis may rely on the downregulation of 
key TEM molecules such as CCR7 and CD62L by the viral protein (Stolp et al., 2012). 
Since a new determinant involved in polarity disruption has been identified and with a 
potential relevance for diapedesis inhibition, it would be interesting to evaluate the 
downregulation capacity of these molecules. Investigating the importance of the 12-39 
stretch of Nef in the inhibition of F-actin sheet like protrusions would be of high interest 
as well since this has been shown to be required not only to achieve successful TEM but 
also for efficient migration in highly constrained environments, e.g. high density 
collagen. It would be of significance to address the LFA-1 downregulation behavior for 
the Δ12-39 mutant due to the implication of this molecule not only on the acquisition of 




polarity through fibronectin crosslinking but also in adhesion to the endothelium. A 
more long-term goal would be to explore the role of well-known polarity establishing 
factors like Par3 or Scribble described to be essential for other cell systems, i.e. neurons 
and epithelial cells, in the context Nef expression and HIV-1 infection of T cells.  
One last point would somewhat combine learnt lessons from the two parts of this 
dissertation. As mentioned above, by interfering with T cell migration HIV-1 may favor 
immune recognition escape of infected cells. However, the still functional, non infected 
surveillant CD4+ T cells are able to migrate and encounter them. By releasing 
extracellular vesicles loaded with viral signal in form of Nef and Vpu, it could be 
possible that infected cells affected the migration of those uninfected CD4+ T cells that 
escape apoptosis induction that has been described for Nef-expressing cell-derived EVs. 
This could be tested experimentally by exposing uninfected T cells to Nef- and Vpu-
loaded EVs previous to migration assay.  
Interference with migration is increasingly recognized as essential for HIV-1 
pathogenesis. A profound understanding of the mechanism that governs it will help 
developing new therapeutic targets and eventually shorten the distance towards a cure.     






2D two dimensions 
3D three dimensions 
ADCC antibody-dependent cellular cytotoxicity 
ADP adenosinediphosphate 
AICD activation-induced cell death 
AIDS acquired immunodeficiency virus 
ALIX ALG-2-interacting protein X 
ALV avian leukosis virus 
AMP adenosinemonophosphate 
AP adaptor protein complex 
APC allophycocyanin 
APOBEC3G apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3G 
ART antiretroviral therapy 
Arp 2/3 actin related proteins 2/3 
ATP adenosinetriphosphate 
bNAbs broadly neutralizing antibodies 
BSA bovine serum albumin 
BST bone marrow stromal antigen 
CA capsid 
cART combination antirretroviral therapy 
CCL chemokine (C-C motif) ligand 
CD cluster of differentiation 
CDC Center for Disease Control 
Cdc42 Cell division control protein 42 
CD4 T cell T cell positive for CD4 
CD8 T cell T cell positive for CD8 
cGAS cyclic GMP-AMP synthase  
cm2 square centimeter 
CMAC 7-amino-4-chloromethylcoumarin  
C-t, C-terminal Carboxy-terminal end 
DAG diacylglycerole 
CTL cytotoxic CD8 positive T lymphocyte 
DC-SIGN dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin 
DMEM Dulbecco's Modified Eagle Medium 
DMSO dimethylsulfoxide 
DN dominant negative 
DNA desoxiribinucleic acid  




dNTP deoxynucleoside triphosphate 
EBV Epstein-Barr virus 
ECL enhanced chemiluminescence 
ECM extracellular matrix 
EGFR endothelial growth factor receptor 
ELISA enzyme linked immunosorbent assay 
Env envelope protein 
ER endoplasmic reticulum 
ESCRT endosomal sorting complexes required for transport 
EV extracellular vesicle 
EXOC exocyst 
FACS fluorescence-activated cell sorter 
FCS fetal calf serum 
FITC fluorescein isothiocyanate 
FIV feline immunodeficiency virus  
FLV feline leukaemia virus 
FN fibronectin 
FRET Förster resonance energy transfer 
G guanine 
Gag group-specific antigen 
GAP GTPase activating proteins  
GDP guanosinediphosphate 
GFP green fluorescent protein 
GEF guanine nucleotide exchange factor 
GMP guanosinemonophosphate 
gp glycoprotein 
GPCR G-Protein coupled receptor 
GTP guanosinetriphosphate 
h hour 
HAART high activity antiretroviral therapy  
HCMV human cytomegalovirus 
HDAC histone deacetylase 
HFV human foamy virus 
HHV human herpes virus 
HIV human immunodeficiency virus 
HLA human leukocyte antigen 
HTLV human T-cell lymphotrophic virus 
HUVEC human umbilical vein endothelial cell 
ICAM imtercellular adhesion molecule 






IN  integrase 
IRES internal ribosomal entry site 
IS Immunological synapse 




Lamp Lysosome-associated membrane glycoprotein 
LAT linker for the activation of T cells 
LB lysogeny broth 
Lck lymphocyte-specific protein tyrosine kinase 
LEDGF lens epithelium-derived growth factor 
LFA lymphocyte function-associated antigen 
LTNP long-term-non-progressor 
LTR  long terminal repeat 
MA matrix 
MAPK mitogen-activated protein kinase 
MC microclusters 
MFI mean fluorescence intensity  
MHC major histocompatibility complex 
ml  mililiter 
mM millimolar 
MLV murine leukaemia virus 
MMLV moloney murine leukaemia virus  
MMTV mouse mammary tumor virus 
MMP matrix metalloprotein 
MPMV Mason-Pfizer monkey virus  
mRNA messenger RNA 
NAKC Nef-associated kinase complex 
NC nucleocapsid 
Nef negative factor  
NF-AT nuclear factor of activated T cells 
NF-κB nuclear factor κB 
NGFR nerve growth factor receptor 
NK natural killer cell 
nm  nanometer 
NNRTI non-nucleoside reverse transcriptase inhibitor 




nPKC novel protein kinase C 
NRTI nucleoside reverse transcriptase inhibitor 
N-t, N-terminal Amino-terminal end 
OD optical density 
ORF open reading frame 
PACS phosphofurin acidic cluster sorting protein 
PAGE polyacrylamide gel electrophoresis 
PAK p21 activated kinase 
PAMP pathogen-associated molecular pattern 
PBMC peripheral blood mononuclear cell 
PBS  phosphate buffered saline 
PCR  polymerase chain reaction 
PDGFR platelet derived growth factor receptor 
PECAM platelet/endothelial adhesion molecule 
PE phycoerythrin 
PFA paraformaldehyde 
PI3K phosphatidylinositol 3-kinase 




PKC protein kinase C 
PM plasma membrane 
Pol polymerase 
PR protease 
PRR pattern-recognition receptor 
P-TEFb positive transcription elongation factor 
PVR poliovirus receptor 
RDV rous sarcoma virus 
RE recycling endosomes 
Rev regulator of expression of virion proteins 
RFP red fluorescent protein 
RNA ribonucleic acid 
ROCK Rho kinase  
rpm revolutions per minute 
RPMI Roswell Park Memorial Institute Medium 
RRE Rev responsive element 
RT reverse transcriptase 
RTC reverse transcription complex 




SAMHD1 SAM domain and HD domain-containing protein 1 
SD standard deviation 
SDF-1α stromal cell-derived factor 1α 
SDS sodium dodecyl sulfate 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SERINC serine incorporator 
SFV simian foamy virus 
SG-PERT sybr green one step PCR-enhanced reverse transcriptase assays 
SH src homology (domain) 
SHIV simian-human immunodeficiency virus 
shRNA short hairpin RNA 
siRNA small interfering RNA 
SIV simian immunodeficiency virus 
S1P sphingosine-1-phosphate 
ß-TrCP beta-transducin repeat-continuing protein 
SU surface component of envelope 
t time 
TAR transactivation responsive region 
Tat trans-activator of transcription 
TCR T cell receptor 
TEER trans-endothelial electrical resistance 
TEM transendothelial migration  
TGN trans-Golgi network 
TJ tight junctions  
TLR toll-like-receptor 
TM transmembrane component of envelope 
TM transmembrane domain (of a protein) 
TNF-α tumor necrosis factor-α 
TRIM5α Tripartite motif-containing protein alpha 
TRITC Tetramethylrhodamineisothiocyanate 
TSPAN tetraspanin 
VCAM vascular cell adhesion molecule 
VEGF vascular endothelial growth factor  
Vif viral infectivity factor 
Vpu Viral protein U  
VSVG vesicular stomatitis virus glycoprotein protein 
WASP Wiskott-Aldrich syndrome protein 
wt wild type 
WDSV Walleye dermal sarcoma virus  




WHO  World Health Organization 
YFP yellow fluorescent protein 











Haller, C., Muller, B., Fritz, J.V., Lamas-Murua, M., Stolp, B., Pujol, F.M., Keppler, 
O.T., and Fackler, O.T. (2014). HIV-1 Nef and Vpu are functionally redundant broad-











I would like to show my gratitude to all those that who have contributed to this work 
one way or the other.  
I want to express my thanks to Prof. Dr. Oliver T. Fackler for enabling me to work on 
these interesting projects, for the opportunity to enlarge my experience at the 
professional and personal level, for the accessibility and for the time dedicated to 
supervision and guidance, for the motivating discussions, and for been comprehensive 
in complicated moments.  
I want to thank Prof. Dr. Ralf Bartenschlager for having accepted being my first 
supervisor, for the interest on my project, and helpful discussions. I thank also Dr. 
Volker Lohmann for discussion and valuable input. My thanks to both for being part of 
my thesis advisory comitee.  
I thank also Dr. Pierre Yves Lozach and Dr. Ann-Kristin Müller for kindly taking part 
on my PhD examination commission.  
My gratitude as well to Dr. Ruth Lyck for welcoming me at the Theodor Koch Institute 
in Bern and her patience and explanations to introduce me to the world of 
transendothelial migration. 
Thanks to Prof. Dr. Med. Andreas Baur for having opened the doors of his lab to me for 
confirmation of experimental procedures and interesting discussion. 
Endless gratefulness to those members of the Virology Department Heidelberg who 
provided their support, for the good moments, for late Botanik dinner sessions, and for 
all the quality time spent together. I will never forget it. I especially thank my lab mates 
for all their help in shaping me as a scientist and for believing in me. I want to express 
my deepest gratitude to Dr. Libin Abraham, for his 24/7 support both scientifically and 
personally, to Nikolaos Tsopulidis, the live microscopy master, for being a great friend, 
for so many great times together, for late night lab craziness, and for never saying no 
when I asked him a favor, to François Pujol, for necessary scientific discussion, support 
and good pressure-release chats, to Johanna Galaski, for bringing the joy to the lab and 
for being there at the difficult times, to Andrea Imle, for so much help especially in my 
commence, and to Maud Trotard, my office neighbor, for the support and all the 
laughter. I extend this acknowledgement to the rest of the lab members, with a special 
mention to the “fresh air” girls: Dr. Sheetal Kaw, Dr. Shaksi Arora and Virginia Pierini.  
To my family for all the unconditional love and support despite of the distance. Because 
without them I would not be what I am. To my father the first scientist in my life and 
the best person ever. ¡Os quiero!  
To you for having been there all this time, in the distance, in the good moments, even in 
the most difficult ones… Eres lo major que me ha pasado. Imposible sin tí. ¡Te amo!           





Abraham, L., Bankhead, P., Pan, X., Engel, U., and Fackler, O.T. (2012). HIV-1 Nef 
limits communication between linker of activated T cells and SLP-76 to reduce 
formation of SLP-76-signaling microclusters following TCR stimulation. J Immunol 
189, 1898-1910. 
Abraham, L., and Fackler, O.T. (2012). HIV-1 Nef: a multifaceted modulator of T cell 
receptor signaling. Cell Commun Signal 10, 39. 
Abram, M.E., Ferris, A.L., Shao, W., Alvord, W.G., and Hughes, S.H. (2010). Nature, 
position, and frequency of mutations made in a single cycle of HIV-1 replication. J 
Virol 84, 9864-9878. 
Ahmad, N., and Venkatesan, S. (1988). Nef protein of HIV-1 is a transcriptional 
repressor of HIV-1 LTR. Science (New York, NY) 241, 1481-1485. 
Aiken, C., Konner, J., Landau, N.R., Lenburg, M.E., and Trono, D. (1994). Nef induces 
CD4 endocytosis: requirement for a critical dileucine motif in the membrane-proximal 
CD4 cytoplasmic domain. Cell 76, 853-864. 
Aiken, C., and Trono, D. (1995). Nef stimulates human immunodeficiency virus type 1 
proviral DNA synthesis. J Virol 69, 5048-5056. 
Akari, H., Bour, S., Kao, S., Adachi, A., and Strebel, K. (2001). The human 
immunodeficiency virus type 1 accessory protein Vpu induces apoptosis by suppressing 
the nuclear factor kappaB-dependent expression of antiapoptotic factors. The Journal of 
experimental medicine 194, 1299-1311. 
Alarcon, B., Mestre, D., and Martinez-Martin, N. (2011). The immunological synapse: a 
cause or consequence of T-cell receptor triggering? Immunology 133, 420-425. 
Ali, S.A., Huang, M.B., Campbell, P.E., Roth, W.W., Campbell, T., Khan, M., 
Newman, G., Villinger, F., Powell, M.D., and Bond, V.C. (2010). Genetic 
characterization of HIV type 1 Nef-induced vesicle secretion. AIDS research and human 
retroviruses 26, 173-192. 
Alkhatib, G., Combadiere, C., Broder, C.C., Feng, Y., Kennedy, P.E., Murphy, P.M., 
and Berger, E.A. (1996). CC CKR5: a RANTES, MIP-1alpha, MIP-1beta receptor as a 
fusion cofactor for macrophage-tropic HIV-1. Science (New York, NY) 272, 1955-
1958. 
Alon, R., and Dustin, M.L. (2007). Force as a facilitator of integrin conformational 
changes during leukocyte arrest on blood vessels and antigen-presenting cells. 
Immunity 26, 17-27. 
Alon, R., and Feigelson, S. (2002). From rolling to arrest on blood vessels: leukocyte 
tap dancing on endothelial integrin ligands and chemokines at sub-second contacts. 
Seminars in immunology 14, 93-104. 
Alon, R., and Feigelson, S.W. (2009). Chemokine signaling to lymphocyte integrins 
under shear flow. Microcirculation (New York, NY : 1994) 16, 3-16. 
Alon, R., and Shulman, Z. (2011). Chemokine triggered integrin activation and actin 
remodeling events guiding lymphocyte migration across vascular barriers. Exp Cell Res 
317, 632-641. 




Altfeld, M., and Gale, M., Jr. (2015). Innate immunity against HIV-1 infection. Nature 
immunology 16, 554-562. 
Alvarez, R.A., Hamlin, R.E., Monroe, A., Moldt, B., Hotta, M.T., Rodriguez Caprio, G., 
Fierer, D.S., Simon, V., and Chen, B.K. (2014). HIV-1 Vpu antagonism of tetherin 
inhibits antibody-dependent cellular cytotoxic responses by natural killer cells. J Virol 
88, 6031-6046. 
Allen, T.M., Altfeld, M., Geer, S.C., Kalife, E.T., Moore, C., O'Sullivan K, M., 
Desouza, I., Feeney, M.E., Eldridge, R.L., Maier, E.L., et al. (2005). Selective escape 
from CD8+ T-cell responses represents a major driving force of human 
immunodeficiency virus type 1 (HIV-1) sequence diversity and reveals constraints on 
HIV-1 evolution. J Virol 79, 13239-13249. 
Allers, K., Hutter, G., Hofmann, J., Loddenkemper, C., Rieger, K., Thiel, E., and 
Schneider, T. (2011). Evidence for the cure of HIV infection by CCR5Delta32/Delta32 
stem cell transplantation. Blood 117, 2791-2799. 
Allingham, M.J., van Buul, J.D., and Burridge, K. (2007). ICAM-1-mediated, Src- and 
Pyk2-dependent vascular endothelial cadherin tyrosine phosphorylation is required for 
leukocyte transendothelial migration. J Immunol 179, 4053-4064. 
Amorim, N.A., da Silva, E.M., de Castro, R.O., da Silva-Januario, M.E., Mendonca, 
L.M., Bonifacino, J.S., da Costa, L.J., and daSilva, L.L. (2014). Interaction of HIV-1 
Nef protein with the host protein Alix promotes lysosomal targeting of CD4 receptor. J 
Biol Chem 289, 27744-27756. 
Antiretroviral_Therapy_Cohort_Collaboration (2008). Life expectancy of individuals 
on combination antiretroviral therapy in high-income countries: a collaborative analysis 
of 14 cohort studies. Lancet (London, England) 372, 293-299. 
Archin, N.M., Keedy, K.S., Espeseth, A., Dang, H., Hazuda, D.J., and Margolis, D.M. 
(2009). Expression of latent human immunodeficiency type 1 is induced by novel and 
selective histone deacetylase inhibitors. Aids 23, 1799-1806. 
Arenaccio, C., Anticoli, S., Manfredi, F., Chiozzini, C., Olivetta, E., and Federico, M. 
(2015). Latent HIV-1 is activated by exosomes from cells infected with either 
replication-competent or defective HIV-1. Retrovirology 12, 87. 
Arenaccio, C., Chiozzini, C., Columba-Cabezas, S., Manfredi, F., Affabris, E., Baur, A., 
and Federico, M. (2014). Exosomes from human immunodeficiency virus type 1 (HIV-
1)-infected cells license quiescent CD4+ T lymphocytes to replicate HIV-1 through a 
Nef- and ADAM17-dependent mechanism. J Virol 88, 11529-11539. 
Arias, J.F., Heyer, L.N., von Bredow, B., Weisgrau, K.L., Moldt, B., Burton, D.R., 
Rakasz, E.G., and Evans, D.T. (2014). Tetherin antagonism by Vpu protects HIV-
infected cells from antibody-dependent cell-mediated cytotoxicity. Proc Natl Acad Sci 
U S A 111, 6425-6430. 
Arias, J.F., Iwabu, Y., and Tokunaga, K. (2011). Structural Basis for the Antiviral 
Activity of BST-2/Tetherin and Its Viral Antagonism. Frontiers in microbiology 2, 250. 
Arnold, R., Brenner, D., Becker, M., Frey, C.R., and Krammer, P.H. (2006). How T 
lymphocytes switch between life and death. European journal of immunology 36, 1654-
1658. 
Arold, S., Franken, P., Strub, M.P., Hoh, F., Benichou, S., Benarous, R., and Dumas, C. 
(1997). The crystal structure of HIV-1 Nef protein bound to the Fyn kinase SH3 domain 




suggests a role for this complex in altered T cell receptor signaling. Structure 5, 1361-
1372. 
Arthos, J., Cicala, C., Martinelli, E., Macleod, K., Van Ryk, D., Wei, D., Xiao, Z., 
Veenstra, T.D., Conrad, T.P., Lempicki, R.A., et al. (2008). HIV-1 envelope protein 
binds to and signals through integrin alpha4beta7, the gut mucosal homing receptor for 
peripheral T cells. Nature immunology 9, 301-309. 
Assinger, A., Yaiw, K.C., Gottesdorfer, I., Leib-Mosch, C., and Soderberg-Naucler, C. 
(2013). Human cytomegalovirus (HCMV) induces human endogenous retrovirus 
(HERV) transcription. Retrovirology 10, 132. 
Atkins, K.M., Thomas, L., Youker, R.T., Harriff, M.J., Pissani, F., You, H., and 
Thomas, G. (2008). HIV-1 Nef binds PACS-2 to assemble a multikinase cascade that 
triggers major histocompatibility complex class I (MHC-I) down-regulation: analysis 
using short interfering RNA and knock-out mice. J Biol Chem 283, 11772-11784. 
Azcutia, V., Stefanidakis, M., Tsuboi, N., Mayadas, T., Croce, K.J., Fukuda, D., 
Aikawa, M., Newton, G., and Luscinskas, F.W. (2012). Endothelial CD47 promotes 
vascular endothelial-cadherin tyrosine phosphorylation and participates in T cell 
recruitment at sites of inflammation in vivo. J Immunol 189, 2553-2562. 
Badley, A.D., Pilon, A.A., Landay, A., and Lynch, D.H. (2000). Mechanisms of HIV-
associated lymphocyte apoptosis. Blood 96, 2951-2964. 
Baldauf, H.M., Pan, X., Erikson, E., Schmidt, S., Daddacha, W., Burggraf, M., 
Schenkova, K., Ambiel, I., Wabnitz, G., Gramberg, T., et al. (2012). SAMHD1 restricts 
HIV-1 infection in resting CD4(+) T cells. Nat Med 18, 1682-1687. 
Baltimore, D. (1970). RNA-dependent DNA polymerase in virions of RNA tumour 
viruses. Nature 226, 1209-1211. 
Bao, X., Moseman, E.A., Saito, H., Petryniak, B., Thiriot, A., Hatakeyama, S., Ito, Y., 
Kawashima, H., Yamaguchi, Y., Lowe, J.B., et al. (2010). Endothelial heparan sulfate 
controls chemokine presentation in recruitment of lymphocytes and dendritic cells to 
lymph nodes. Immunity 33, 817-829. 
Bardi, G., Niggli, V., and Loetscher, P. (2003). Rho kinase is required for CCR7-
mediated polarization and chemotaxis of T lymphocytes. FEBS Lett 542, 79-83. 
Barkett, M., and Gilmore, T.D. (1999). Control of apoptosis by Rel/NF-kappaB 
transcription factors. Oncogene 18, 6910-6924. 
Barre-Sinoussi, F., Chermann, J.C., Rey, F., Nugeyre, M.T., Chamaret, S., Gruest, J., 
Dauguet, C., Axler-Blin, C., Vezinet-Brun, F., Rouzioux, C., et al. (1983). Isolation of a 
T-lymphotropic retrovirus from a patient at risk for acquired immune deficiency 
syndrome (AIDS). Science (New York, NY) 220, 868-871. 
Baugh, L.L., Garcia, J.V., and Foster, J.L. (2008). Functional characterization of the 
human immunodeficiency virus type 1 Nef acidic domain. J Virol 82, 9657-9667. 
Baur, A.S., Sass, G., Laffert, B., Willbold, D., Cheng-Mayer, C., and Peterlin, B.M. 
(1997). The N-terminus of Nef from HIV-1/SIV associates with a protein complex 
containing Lck and a serine kinase. Immunity 6, 283-291. 
Baur, A.S., Sawai, E.T., Dazin, P., Fantl, W.J., Cheng-Mayer, C., and Peterlin, B.M. 
(1994). HIV-1 Nef leads to inhibition or activation of T cells depending on its 
intracellular localization. Immunity 1, 373-384. 




Bear, J.E., and Gertler, F.B. (2009). Ena/VASP: towards resolving a pointed 
controversy at the barbed end. J Cell Sci 122, 1947-1953. 
Beese, M., Wyss, K., Haubitz, M., and Kirsch, T. (2010). Effect of cAMP derivates on 
assembly and maintenance of tight junctions in human umbilical vein endothelial cells. 
BMC cell biology 11, 68. 
Belshaw, R., Pereira, V., Katzourakis, A., Talbot, G., Paces, J., Burt, A., and Tristem, 
M. (2004). Long-term reinfection of the human genome by endogenous retroviruses. 
Proc Natl Acad Sci U S A 101, 4894-4899. 
Benson, R.E., Sanfridson, A., Ottinger, J.S., Doyle, C., and Cullen, B.R. (1993). 
Downregulation of cell-surface CD4 expression by simian immunodeficiency virus Nef 
prevents viral super infection. The Journal of experimental medicine 177, 1561-1566. 
Berger, E.A. (1998). HIV entry and tropism. When one receptor is not enough. 
Advances in experimental medicine and biology 452, 151-157. 
Berger, E.A., Doms, R.W., Fenyo, E.M., Korber, B.T., Littman, D.R., Moore, J.P., 
Sattentau, Q.J., Schuitemaker, H., Sodroski, J., and Weiss, R.A. (1998). A new 
classification for HIV-1. Nature 391, 240. 
Berlin, C., Bargatze, R.F., Campbell, J.J., von Andrian, U.H., Szabo, M.C., Hasslen, 
S.R., Nelson, R.D., Berg, E.L., Erlandsen, S.L., and Butcher, E.C. (1995). alpha 4 
integrins mediate lymphocyte attachment and rolling under physiologic flow. Cell 80, 
413-422. 
Bernstein, B.W., and Bamburg, J.R. (2010). ADF/cofilin: a functional node in cell 
biology. Trends in cell biology 20, 187-195. 
Bieniasz, P.D. (2006). Late budding domains and host proteins in enveloped virus 
release. Virology 344, 55-63. 
Binette, J., Dube, M., Mercier, J., Halawani, D., Latterich, M., and Cohen, E.A. (2007). 
Requirements for the selective degradation of CD4 receptor molecules by the human 
immunodeficiency virus type 1 Vpu protein in the endoplasmic reticulum. 
Retrovirology 4, 75. 
Bishop, K.N., Holmes, R.K., Sheehy, A.M., and Malim, M.H. (2004). APOBEC-
mediated editing of viral RNA. Science (New York, NY) 305, 645. 
Bishop, K.N., Verma, M., Kim, E.Y., Wolinsky, S.M., and Malim, M.H. (2008). 
APOBEC3G inhibits elongation of HIV-1 reverse transcripts. PLoS Pathog 4, 
e1000231. 
Biswas, P., Jiang, X., Pacchia, A.L., Dougherty, J.P., and Peltz, S.W. (2004). The 
human immunodeficiency virus type 1 ribosomal frameshifting site is an invariant 
sequence determinant and an important target for antiviral therapy. J Virol 78, 2082-
2087. 
Blanchard, N., Lankar, D., Faure, F., Regnault, A., Dumont, C., Raposo, G., and 
Hivroz, C. (2002). TCR activation of human T cells induces the production of exosomes 
bearing the TCR/CD3/zeta complex. J Immunol 168, 3235-3241. 
Bokoch, G.M. (2003). Biology of the p21-activated kinases. Annual review of 
biochemistry 72, 743-781. 




Bolduan, S., Hubel, P., Reif, T., Lodermeyer, V., Hohne, K., Fritz, J.V., Sauter, D., 
Kirchhoff, F., Fackler, O.T., Schindler, M., et al. (2013). HIV-1 Vpu affects the 
anterograde transport and the glycosylation pattern of NTB-A. Virology 440, 190-203. 
Bolduan, S., Votteler, J., Lodermeyer, V., Greiner, T., Koppensteiner, H., Schindler, M., 
Thiel, G., and Schubert, U. (2011). Ion channel activity of HIV-1 Vpu is dispensable for 
counteraction of CD317. Virology 416, 75-85. 
Bonsignori, M., Pollara, J., Moody, M.A., Alpert, M.D., Chen, X., Hwang, K.K., 
Gilbert, P.B., Huang, Y., Gurley, T.C., Kozink, D.M., et al. (2012). Antibody-
dependent cellular cytotoxicity-mediating antibodies from an HIV-1 vaccine efficacy 
trial target multiple epitopes and preferentially use the VH1 gene family. J Virol 86, 
11521-11532. 
Borisy, G.G., and Svitkina, T.M. (2000). Actin machinery: pushing the envelope. 
Current opinion in cell biology 12, 104-112. 
Bos, J.L., Rehmann, H., and Wittinghofer, A. (2007). GEFs and GAPs: critical elements 
in the control of small G proteins. Cell 129, 865-877. 
Boscacci, R.T., Pfeiffer, F., Gollmer, K., Sevilla, A.I., Martin, A.M., Soriano, S.F., 
Natale, D., Henrickson, S., von Andrian, U.H., Fukui, Y., et al. (2010). Comprehensive 
analysis of lymph node stroma-expressed Ig superfamily members reveals redundant 
and nonredundant roles for ICAM-1, ICAM-2, and VCAM-1 in lymphocyte homing. 
Blood 116, 915-925. 
Bour, S., Schubert, U., and Strebel, K. (1995). The human immunodeficiency virus type 
1 Vpu protein specifically binds to the cytoplasmic domain of CD4: implications for the 
mechanism of degradation. J Virol 69, 1510-1520. 
Bour, S., and Strebel, K. (2000). HIV accessory proteins: multifunctional components 
of a complex system. Advances in pharmacology (San Diego, Calif) 48, 75-120. 
Bourgeois, C., and Stockinger, B. (2006). T cell homeostasis in steady state and 
lymphopenic conditions. Immunology letters 107, 89-92. 
Bresnahan, P.A., Yonemoto, W., Ferrell, S., Williams-Herman, D., Geleziunas, R., and 
Greene, W.C. (1998). A dileucine motif in HIV-1 Nef acts as an internalization signal 
for CD4 downregulation and binds the AP-1 clathrin adaptor. Curr Biol 8, 1235-1238. 
Briggs, J.A., Grunewald, K., Glass, B., Forster, F., Krausslich, H.G., and Fuller, S.D. 
(2006). The mechanism of HIV-1 core assembly: insights from three-dimensional 
reconstructions of authentic virions. Structure 14, 15-20. 
Briggs, J.A., and Krausslich, H.G. (2011). The molecular architecture of HIV. Journal 
of molecular biology 410, 491-500. 
Briggs, J.A., Riches, J.D., Glass, B., Bartonova, V., Zanetti, G., and Krausslich, H.G. 
(2009). Structure and assembly of immature HIV. Proc Natl Acad Sci U S A 106, 
11090-11095. 
Brooks, D.G., Arlen, P.A., Gao, L., Kitchen, C.M., and Zack, J.A. (2003). Identification 
of T cell-signaling pathways that stimulate latent HIV in primary cells. Proc Natl Acad 
Sci U S A 100, 12955-12960. 
Brudek, T., Christensen, T., Hansen, H.J., Petersen, T., and Moller-Larsen, A. (2008). 
Synergistic immune responses induced by endogenous retrovirus and herpesvirus 




antigens result in increased production of inflammatory cytokines in multiple sclerosis 
patients. Scandinavian journal of immunology 67, 295-303. 
Bruehl, R.E., Springer, T.A., and Bainton, D.F. (1996). Quantitation of L-selectin 
distribution on human leukocyte microvilli by immunogold labeling and electron 
microscopy. The journal of histochemistry and cytochemistry : official journal of the 
Histochemistry Society 44, 835-844. 
Burkhardt, J.K., Carrizosa, E., and Shaffer, M.H. (2008). The actin cytoskeleton in T 
cell activation. Annual review of immunology 26, 233-259. 
Bustelo, X.R. (2002). Understanding Rho/Rac biology in T-cells using animal models. 
BioEssays : news and reviews in molecular, cellular and developmental biology 24, 
602-612. 
Campanero, M.R., Sanchez-Mateos, P., del Pozo, M.A., and Sanchez-Madrid, F. 
(1994). ICAM-3 regulates lymphocyte morphology and integrin-mediated T cell 
interaction with endothelial cell and extracellular matrix ligands. J Cell Biol 127, 867-
878. 
Campbell, T.D., Khan, M., Huang, M.B., Bond, V.C., and Powell, M.D. (2008). HIV-1 
Nef protein is secreted into vesicles that can fuse with target cells and virions. Ethnicity 
& disease 18, S2-14-19. 
Cannon, J.L., Asperti-Boursin, F., Letendre, K.A., Brown, I.K., Korzekwa, K.E., 
Blaine, K.M., Oruganti, S.R., Sperling, A.I., and Moses, M.E. (2013). PKCtheta 
regulates T cell motility via ezrin-radixin-moesin localization to the uropod. PLoS One 
8, e78940. 
Carl, S., Greenough, T.C., Krumbiegel, M., Greenberg, M., Skowronski, J., Sullivan, 
J.L., and Kirchhoff, F. (2001). Modulation of different human immunodeficiency virus 
type 1 Nef functions during progression to AIDS. J Virol 75, 3657-3665. 
Carlier, M.F., Laurent, V., Santolini, J., Melki, R., Didry, D., Xia, G.X., Hong, Y., 
Chua, N.H., and Pantaloni, D. (1997). Actin depolymerizing factor (ADF/cofilin) 
enhances the rate of filament turnover: implication in actin-based motility. J Cell Biol 
136, 1307-1322. 
Carman, C.V., and Springer, T.A. (2003). Integrin avidity regulation: are changes in 
affinity and conformation underemphasized? Current opinion in cell biology 15, 547-
556. 
Casartelli, N., Giolo, G., Neri, F., Haller, C., Potesta, M., Rossi, P., Fackler, O.T., and 
Doria, M. (2006). The Pro78 residue regulates the capacity of the human 
immunodeficiency virus type 1 Nef protein to inhibit recycling of major 
histocompatibility complex class I molecules in an SH3-independent manner. J Gen 
Virol 87, 2291-2296. 
Casartelli, N., Sourisseau, M., Feldmann, J., Guivel-Benhassine, F., Mallet, A., 
Marcelin, A.G., Guatelli, J., and Schwartz, O. (2010). Tetherin restricts productive HIV-
1 cell-to-cell transmission. PLoS Pathog 6, e1000955. 
Casella, C.R., Rapaport, E.L., and Finkel, T.H. (1999). Vpu increases susceptibility of 
human immunodeficiency virus type 1-infected cells to fas killing. J Virol 73, 92-100. 
CDC (1981). Kaposi's sarcoma and Pneumocystis pneumonia among homosexual men--
New York City and California. MMWR Morbidity and mortality weekly report 30, 305-
308. 




Cicala, C., Martinelli, E., McNally, J.P., Goode, D.J., Gopaul, R., Hiatt, J., Jelicic, K., 
Kottilil, S., Macleod, K., O'Shea, A., et al. (2009). The integrin alpha4beta7 forms a 
complex with cell-surface CD4 and defines a T-cell subset that is highly susceptible to 
infection by HIV-1. Proc Natl Acad Sci U S A 106, 20877-20882. 
Cinamon, G., Shinder, V., and Alon, R. (2001). Shear forces promote lymphocyte 
migration across vascular endothelium bearing apical chemokines. Nature immunology 
2, 515-522. 
Cocucci, E., Racchetti, G., Podini, P., and Meldolesi, J. (2007). Enlargeosome traffic: 
exocytosis triggered by various signals is followed by endocytosis, membrane shedding 
or both. Traffic (Copenhagen, Denmark) 8, 742-757. 
Coffin, J.M. (1992). Genetic diversity and evolution of retroviruses. Current topics in 
microbiology and immunology 176, 143-164. 
Cohen, E.A., Terwilliger, E.F., Sodroski, J.G., and Haseltine, W.A. (1988). 
Identification of a protein encoded by the vpu gene of HIV-1. Nature 334, 532-534. 
Cohen, G.B., Gandhi, R.T., Davis, D.M., Mandelboim, O., Chen, B.K., Strominger, 
J.L., and Baltimore, D. (1999). The selective downregulation of class I major 
histocompatibility complex proteins by HIV-1 protects HIV-infected cells from NK 
cells. Immunity 10, 661-671. 
Cohen, M.S., Shaw, G.M., McMichael, A.J., and Haynes, B.F. (2011). Acute HIV-1 
Infection. The New England journal of medicine 364, 1943-1954. 
Collette, Y., Dutartre, H., Benziane, A., Ramos, M., Benarous, R., Harris, M., and 
Olive, D. (1996). Physical and functional interaction of Nef with Lck. HIV-1 Nef-
induced T-cell signaling defects. J Biol Chem 271, 6333-6341. 
Collin, M., and Gordon, S. (1994). The kinetics of human immunodeficiency virus 
reverse transcription are slower in primary human macrophages than in a lymphoid cell 
line. Virology 200, 114-120. 
Collins, D.R., Lubow, J., Lukic, Z., Mashiba, M., and Collins, K.L. (2015). Vpr 
Promotes Macrophage-Dependent HIV-1 Infection of CD4+ T Lymphocytes. PLoS 
Pathog 11, e1005054. 
Collins, K.L., Chen, B.K., Kalams, S.A., Walker, B.D., and Baltimore, D. (1998). HIV-
1 Nef protein protects infected primary cells against killing by cytotoxic T lymphocytes. 
Nature 391, 397-401. 
Courgnaud, V., Salemi, M., Pourrut, X., Mpoudi-Ngole, E., Abela, B., Auzel, P., 
Bibollet-Ruche, F., Hahn, B., Vandamme, A.M., Delaporte, E., et al. (2002). 
Characterization of a novel simian immunodeficiency virus with a vpu gene from 
greater spot-nosed monkeys (Cercopithecus nictitans) provides new insights into 
simian/human immunodeficiency virus phylogeny. J Virol 76, 8298-8309. 
Cox, E.A., and Huttenlocher, A. (1998). Regulation of integrin-mediated adhesion 
during cell migration. Microscopy research and technique 43, 412-419. 
Craig, H.M., Pandori, M.W., and Guatelli, J.C. (1998). Interaction of HIV-1 Nef with 
the cellular dileucine-based sorting pathway is required for CD4 down-regulation and 
optimal viral infectivity. Proc Natl Acad Sci U S A 95, 11229-11234. 
Craigie, R., and Bushman, F.D. (2012). HIV DNA integration. Cold Spring Harbor 
perspectives in medicine 2, a006890. 




Cronshaw, D.G., Kouroumalis, A., Parry, R., Webb, A., Brown, Z., and Ward, S.G. 
(2006). Evidence that phospholipase-C-dependent, calcium-independent mechanisms 
are required for directional migration of T-lymphocytes in response to the CCR4 
ligands CCL17 and CCL22. J Leukoc Biol 79, 1369-1380. 
Cullen, B.R. (1991). Regulation of HIV-1 gene expression. FASEB journal : official 
publication of the Federation of American Societies for Experimental Biology 5, 2361-
2368. 
Chandrasekaran, P., Moore, V., Buckley, M., Spurrier, J., Kehrl, J.H., and Venkatesan, 
S. (2014). HIV-1 Nef down-modulates C-C and C-X-C chemokine receptors via 
ubiquitin and ubiquitin-independent mechanism. PLoS One 9, e86998. 
Chang, J.T., Palanivel, V.R., Kinjyo, I., Schambach, F., Intlekofer, A.M., Banerjee, A., 
Longworth, S.A., Vinup, K.E., Mrass, P., Oliaro, J., et al. (2007). Asymmetric T 
lymphocyte division in the initiation of adaptive immune responses. Science (New 
York, NY) 315, 1687-1691. 
Chaudhuri, R., Lindwasser, O.W., Smith, W.J., Hurley, J.H., and Bonifacino, J.S. 
(2007). Downregulation of CD4 by human immunodeficiency virus type 1 Nef is 
dependent on clathrin and involves direct interaction of Nef with the AP2 clathrin 
adaptor. J Virol 81, 3877-3890. 
Chen, B., Vogan, E.M., Gong, H., Skehel, J.J., Wiley, D.C., and Harrison, S.C. (2005). 
Structure of an unliganded simian immunodeficiency virus gp120 core. Nature 433, 
834-841. 
Chen, J., and Zhang, M. (2013). The Par3/Par6/aPKC complex and epithelial cell 
polarity. Exp Cell Res 319, 1357-1364. 
Chen, N., McCarthy, C., Drakesmith, H., Li, D., Cerundolo, V., McMichael, A.J., 
Screaton, G.R., and Xu, X.N. (2006). HIV-1 down-regulates the expression of CD1d via 
Nef. European journal of immunology 36, 278-286. 
Chen, P., Hubner, W., Spinelli, M.A., and Chen, B.K. (2007). Predominant mode of 
human immunodeficiency virus transfer between T cells is mediated by sustained Env-
dependent neutralization-resistant virological synapses. J Virol 81, 12582-12595. 
Chen, S., Lin, F., Shin, M.E., Wang, F., Shen, L., and Hamm, H.E. (2008). RACK1 
regulates directional cell migration by acting on G betagamma at the interface with its 
effectors PLC beta and PI3K gamma. Mol Biol Cell 19, 3909-3922. 
Cheng-Mayer, C., Iannello, P., Shaw, K., Luciw, P.A., and Levy, J.A. (1989). 
Differential effects of nef on HIV replication: implications for viral pathogenesis in the 
host. Science (New York, NY) 246, 1629-1632. 
Choe, E.Y., Schoenberger, E.S., Groopman, J.E., and Park, I.W. (2002). HIV Nef 
inhibits T cell migration. J Biol Chem 277, 46079-46084. 
Choe, H., Farzan, M., Sun, Y., Sullivan, N., Rollins, B., Ponath, P.D., Wu, L., Mackay, 
C.R., LaRosa, G., Newman, W., et al. (1996). The beta-chemokine receptors CCR3 and 
CCR5 facilitate infection by primary HIV-1 isolates. Cell 85, 1135-1148. 
Chomont, N., El-Far, M., Ancuta, P., Trautmann, L., Procopio, F.A., Yassine-Diab, B., 
Boucher, G., Boulassel, M.R., Ghattas, G., Brenchley, J.M., et al. (2009). HIV reservoir 
size and persistence are driven by T cell survival and homeostatic proliferation. Nat 
Med 15, 893-900. 




Choudhuri, K., Llodra, J., Roth, E.W., Tsai, J., Gordo, S., Wucherpfennig, K.W., Kam, 
L.C., Stokes, D.L., and Dustin, M.L. (2014). Polarized release of T-cell-receptor-
enriched microvesicles at the immunological synapse. Nature 507, 118-123. 
Chowers, M.Y., Spina, C.A., Kwoh, T.J., Fitch, N.J., Richman, D.D., and Guatelli, J.C. 
(1994). Optimal infectivity in vitro of human immunodeficiency virus type 1 requires an 
intact nef gene. J Virol 68, 2906-2914. 
Chun, T.W., Engel, D., Berrey, M.M., Shea, T., Corey, L., and Fauci, A.S. (1998a). 
Early establishment of a pool of latently infected, resting CD4(+) T cells during primary 
HIV-1 infection. Proc Natl Acad Sci U S A 95, 8869-8873. 
Chun, T.W., Engel, D., Mizell, S.B., Ehler, L.A., and Fauci, A.S. (1998b). Induction of 
HIV-1 replication in latently infected CD4+ T cells using a combination of cytokines. 
The Journal of experimental medicine 188, 83-91. 
Chun, T.W., Moir, S., and Fauci, A.S. (2015). HIV reservoirs as obstacles and 
opportunities for an HIV cure. Nature immunology 16, 584-589. 
Chun, T.W., Stuyver, L., Mizell, S.B., Ehler, L.A., Mican, J.A., Baseler, M., Lloyd, 
A.L., Nowak, M.A., and Fauci, A.S. (1997). Presence of an inducible HIV-1 latent 
reservoir during highly active antiretroviral therapy. Proc Natl Acad Sci U S A 94, 
13193-13197. 
Daecke, J., Fackler, O.T., Dittmar, M.T., and Krausslich, H.G. (2005). Involvement of 
clathrin-mediated endocytosis in human immunodeficiency virus type 1 entry. J Virol 
79, 1581-1594. 
Dalgleish, A.G., Beverley, P.C., Clapham, P.R., Crawford, D.H., Greaves, M.F., and 
Weiss, R.A. (1984). The CD4 (T4) antigen is an essential component of the receptor for 
the AIDS retrovirus. Nature 312, 763-767. 
Danel, C., Moh, R., Gabillard, D., Badje, A., Le Carrou, J., Ouassa, T., Ouattara, E., 
Anzian, A., Ntakpe, J.B., Minga, A., et al. (2015). A Trial of Early Antiretrovirals and 
Isoniazid Preventive Therapy in Africa. The New England journal of medicine 373, 
808-822. 
daSilva, L.L., Sougrat, R., Burgos, P.V., Janvier, K., Mattera, R., and Bonifacino, J.S. 
(2009). Human immunodeficiency virus type 1 Nef protein targets CD4 to the 
multivesicular body pathway. J Virol 83, 6578-6590. 
Dave, V.P., Hajjar, F., Dieng, M.M., Haddad, E., and Cohen, E.A. (2013). Efficient 
BST2 antagonism by Vpu is critical for early HIV-1 dissemination in humanized mice. 
Retrovirology 10, 128. 
Davey, R.T., Jr., Bhat, N., Yoder, C., Chun, T.W., Metcalf, J.A., Dewar, R., Natarajan, 
V., Lempicki, R.A., Adelsberger, J.W., Miller, K.D., et al. (1999). HIV-1 and T cell 
dynamics after interruption of highly active antiretroviral therapy (HAART) in patients 
with a history of sustained viral suppression. Proc Natl Acad Sci U S A 96, 15109-
15114. 
Deacon, N.J., Tsykin, A., Solomon, A., Smith, K., Ludford-Menting, M., Hooker, D.J., 
McPhee, D.A., Greenway, A.L., Ellett, A., Chatfield, C., et al. (1995). Genomic 
structure of an attenuated quasi species of HIV-1 from a blood transfusion donor and 
recipients. Science (New York, NY) 270, 988-991. 
Dean, M., Carrington, M., Winkler, C., Huttley, G.A., Smith, M.W., Allikmets, R., 
Goedert, J.J., Buchbinder, S.P., Vittinghoff, E., Gomperts, E., et al. (1996). Genetic 




restriction of HIV-1 infection and progression to AIDS by a deletion allele of the CKR5 
structural gene. Hemophilia Growth and Development Study, Multicenter AIDS Cohort 
Study, Multicenter Hemophilia Cohort Study, San Francisco City Cohort, ALIVE 
Study. Science (New York, NY) 273, 1856-1862. 
Deem, T.L., Abdala-Valencia, H., and Cook-Mills, J.M. (2007). VCAM-1 activation of 
endothelial cell protein tyrosine phosphatase 1B. J Immunol 178, 3865-3873. 
del Pozo, M.A., Sanchez-Mateos, P., Nieto, M., and Sanchez-Madrid, F. (1995). 
Chemokines regulate cellular polarization and adhesion receptor redistribution during 
lymphocyte interaction with endothelium and extracellular matrix. Involvement of 
cAMP signaling pathway. J Cell Biol 131, 495-508. 
del Pozo, M.A., Vicente-Manzanares, M., Tejedor, R., Serrador, J.M., and Sanchez-
Madrid, F. (1999). Rho GTPases control migration and polarization of adhesion 
molecules and cytoskeletal ERM components in T lymphocytes. European journal of 
immunology 29, 3609-3620. 
Demeulemeester, J., Vets, S., Schrijvers, R., Madlala, P., De Maeyer, M., De Rijck, J., 
Ndung'u, T., Debyser, Z., and Gijsbers, R. (2014). HIV-1 integrase variants retarget 
viral integration and are associated with disease progression in a chronic infection 
cohort. Cell Host Microbe 16, 651-662. 
Deng, H., Liu, R., Ellmeier, W., Choe, S., Unutmaz, D., Burkhart, M., Di Marzio, P., 
Marmon, S., Sutton, R.E., Hill, C.M., et al. (1996). Identification of a major co-receptor 
for primary isolates of HIV-1. Nature 381, 661-666. 
Devreotes, P., and Horwitz, A.R. (2015). Signaling networks that regulate cell 
migration. Cold Spring Harbor perspectives in biology 7, a005959. 
Didigu, C.A., Wilen, C.B., Wang, J., Duong, J., Secreto, A.J., Danet-Desnoyers, G.A., 
Riley, J.L., Gregory, P.D., June, C.H., Holmes, M.C., et al. (2014). Simultaneous zinc-
finger nuclease editing of the HIV coreceptors ccr5 and cxcr4 protects CD4+ T cells 
from HIV-1 infection. Blood 123, 61-69. 
Dikeakos, J.D., Thomas, L., Kwon, G., Elferich, J., Shinde, U., and Thomas, G. (2012). 
An interdomain binding site on HIV-1 Nef interacts with PACS-1 and PACS-2 on 
endosomes to down-regulate MHC-I. Mol Biol Cell 23, 2184-2197. 
Dismuke, D.J., and Aiken, C. (2006). Evidence for a functional link between uncoating 
of the human immunodeficiency virus type 1 core and nuclear import of the viral 
preintegration complex. J Virol 80, 3712-3720. 
Dixit, N.M., Markowitz, M., Ho, D.D., and Perelson, A.S. (2004). Estimates of 
intracellular delay and average drug efficacy from viral load data of HIV-infected 
individuals under antiretroviral therapy. Antiviral therapy 9, 237-246. 
Donahue, D.A., Sloan, R.D., Kuhl, B.D., Bar-Magen, T., Schader, S.M., and Wainberg, 
M.A. (2010). Stage-dependent inhibition of HIV-1 replication by antiretroviral drugs in 
cell culture. Antimicrobial agents and chemotherapy 54, 1047-1054. 
Douglas, J.L., Viswanathan, K., McCarroll, M.N., Gustin, J.K., Fruh, K., and Moses, 
A.V. (2009). Vpu directs the degradation of the human immunodeficiency virus 
restriction factor BST-2/Tetherin via a {beta}TrCP-dependent mechanism. J Virol 83, 
7931-7947. 




Dragic, T., Litwin, V., Allaway, G.P., Martin, S.R., Huang, Y., Nagashima, K.A., 
Cayanan, C., Maddon, P.J., Koup, R.A., Moore, J.P., et al. (1996). HIV-1 entry into 
CD4+ cells is mediated by the chemokine receptor CC-CKR-5. Nature 381, 667-673. 
Dube, M., Bego, M.G., Paquay, C., and Cohen, E.A. (2010a). Modulation of HIV-1-
host interaction: role of the Vpu accessory protein. Retrovirology 7, 114. 
Dube, M., Paquay, C., Roy, B.B., Bego, M.G., Mercier, J., and Cohen, E.A. (2011). 
HIV-1 Vpu antagonizes BST-2 by interfering mainly with the trafficking of newly 
synthesized BST-2 to the cell surface. Traffic (Copenhagen, Denmark) 12, 1714-1729. 
Dube, M., Roy, B.B., Guiot-Guillain, P., Binette, J., Mercier, J., Chiasson, A., and 
Cohen, E.A. (2010b). Antagonism of tetherin restriction of HIV-1 release by Vpu 
involves binding and sequestration of the restriction factor in a perinuclear 
compartment. PLoS Pathog 6, e1000856. 
Dube, M., Roy, B.B., Guiot-Guillain, P., Mercier, J., Binette, J., Leung, G., and Cohen, 
E.A. (2009). Suppression of Tetherin-restricting activity upon human 
immunodeficiency virus type 1 particle release correlates with localization of Vpu in the 
trans-Golgi network. J Virol 83, 4574-4590. 
Dupre, L., Houmadi, R., Tang, C., and Rey-Barroso, J. (2015). T Lymphocyte 
Migration: An Action Movie Starring the Actin and Associated Actors. Frontiers in 
immunology 6, 586. 
Dustin, M.L. (1997). Adhesive bond dynamics in contacts between T lymphocytes and 
glass-supported planar bilayers reconstituted with the immunoglobulin-related adhesion 
molecule CD58. J Biol Chem 272, 15782-15788. 
Dustin, M.L., Carpen, O., and Springer, T.A. (1992). Regulation of locomotion and cell-
cell contact area by the LFA-1 and ICAM-1 adhesion receptors. J Immunol 148, 2654-
2663. 
Ebina, H., Misawa, N., Kanemura, Y., and Koyanagi, Y. (2013). Harnessing the 
CRISPR/Cas9 system to disrupt latent HIV-1 provirus. Scientific reports 3, 2510. 
Eriksson, E.E., Xie, X., Werr, J., Thoren, P., and Lindbom, L. (2001). Importance of 
primary capture and L-selectin-dependent secondary capture in leukocyte accumulation 
in inflammation and atherosclerosis in vivo. The Journal of experimental medicine 194, 
205-218. 
Eriksson, K., Kilander, A., Hagberg, L., Norkrans, G., Holmgren, J., and Czerkinsky, C. 
(1995). Virus-specific antibody production and polyclonal B-cell activation in the 
intestinal mucosa of HIV-infected individuals. Aids 9, 695-700. 
Escalera-Zamudio, M., and Greenwood, A.D. (2016). On the classification and 
evolution of endogenous retrovirus: human endogenous retroviruses may not be 'human' 
after all. APMIS : acta pathologica, microbiologica, et immunologica Scandinavica 124, 
44-51. 
Escola, J.M., Kleijmeer, M.J., Stoorvogel, W., Griffith, J.M., Yoshie, O., and Geuze, 
H.J. (1998). Selective enrichment of tetraspan proteins on the internal vesicles of 
multivesicular endosomes and on exosomes secreted by human B-lymphocytes. J Biol 
Chem 273, 20121-20127. 
Ewart, G.D., Sutherland, T., Gage, P.W., and Cox, G.B. (1996). The Vpu protein of 
human immunodeficiency virus type 1 forms cation-selective ion channels. J Virol 70, 
7108-7115. 




Fackler, O.T. (2015). Spotlight on HIV-1 Nef: SERINC3 and SERINC5 Identified as 
Restriction Factors Antagonized by the Pathogenesis Factor. Viruses 7, 6730-6738. 
Fackler, O.T., Alcover, A., and Schwartz, O. (2007). Modulation of the immunological 
synapse: a key to HIV-1 pathogenesis? Nat Rev Immunol 7, 310-317. 
Fackler, O.T., and Baur, A.S. (2002). Live and let die: Nef functions beyond HIV 
replication. Immunity 16, 493-497. 
Fackler, O.T., and Geyer, M. (2002). Der Aktivität des Nef-Proteins auf der Spur: Neue 
Strategien für die Bekämpfung von HIV. Biologie in unserer Zeit 32, 90-100. 
Fackler, O.T., Kienzle, N., Kremmer, E., Boese, A., Schramm, B., Klimkait, T., 
Kucherer, C., and Mueller-Lantzsch, N. (1997). Association of human 
immunodeficiency virus Nef protein with actin is myristoylation dependent and 
influences its subcellular localization. Eur J Biochem 247, 843-851. 
Fackler, O.T., and Krausslich, H.G. (2006). Interactions of human retroviruses with the 
host cell cytoskeleton. Curr Opin Microbiol 9, 409-415. 
Fackler, O.T., Luo, W., Geyer, M., Alberts, A.S., and Peterlin, B.M. (1999). Activation 
of Vav by Nef induces cytoskeletal rearrangements and downstream effector functions. 
Mol Cell 3, 729-739. 
Fackler, O.T., Moris, A., Tibroni, N., Giese, S.I., Glass, B., Schwartz, O., and 
Krausslich, H.G. (2006). Functional characterization of HIV-1 Nef mutants in the 
context of viral infection. Virology 351, 322-339. 
Fackler, O.T., Murooka, T.T., Imle, A., and Mempel, T.R. (2014). Adding new 
dimensions: towards an integrative understanding of HIV-1 spread. Nat Rev Microbiol 
12, 563-574. 
Fackler, O.T., and Peterlin, B.M. (2000). Endocytic entry of HIV-1. Curr Biol 10, 1005-
1008. 
Fan, L., and Peden, K. (1992). Cell-free transmission of Vif mutants of HIV-1. Virology 
190, 19-29. 
Fanning, A., Volkov, Y., Freeley, M., Kelleher, D., and Long, A. (2005). CD44 cross-
linking induces protein kinase C-regulated migration of human T lymphocytes. 
International immunology 17, 449-458. 
Farnet, C.M., and Haseltine, W.A. (1991). Circularization of human immunodeficiency 
virus type 1 DNA in vitro. J Virol 65, 6942-6952. 
Faroudi, M., Hons, M., Zachacz, A., Dumont, C., Lyck, R., Stein, J.V., and Tybulewicz, 
V.L. (2010). Critical roles for Rac GTPases in T-cell migration to and within lymph 
nodes. Blood 116, 5536-5547. 
Feneant, L., Levy, S., and Cocquerel, L. (2014). CD81 and hepatitis C virus (HCV) 
infection. Viruses 6, 535-572. 
Feng, Y., Broder, C.C., Kennedy, P.E., and Berger, E.A. (1996). HIV-1 entry cofactor: 
functional cDNA cloning of a seven-transmembrane, G protein-coupled receptor. 
Science (New York, NY) 272, 872-877. 
Fernandez-Larsson, R., Srivastava, K.K., Lu, S., and Robinson, H.L. (1992). 
Replication of patient isolates of human immunodeficiency virus type 1 in T cells: a 
spectrum of rates and efficiencies of entry. Proc Natl Acad Sci U S A 89, 2223-2226. 




Ferrari, G., Pollara, J., Kozink, D., Harms, T., Drinker, M., Freel, S., Moody, M.A., 
Alam, S.M., Tomaras, G.D., Ochsenbauer, C., et al. (2011). An HIV-1 gp120 envelope 
human monoclonal antibody that recognizes a C1 conformational epitope mediates 
potent antibody-dependent cellular cytotoxicity (ADCC) activity and defines a common 
ADCC epitope in human HIV-1 serum. J Virol 85, 7029-7036. 
Finzi, D., Hermankova, M., Pierson, T., Carruth, L.M., Buck, C., Chaisson, R.E., 
Quinn, T.C., Chadwick, K., Margolick, J., Brookmeyer, R., et al. (1997). Identification 
of a reservoir for HIV-1 in patients on highly active antiretroviral therapy. Science 
(New York, NY) 278, 1295-1300. 
Focosi, D., Maggi, F., Ceccherini-Nelli, L., and Pistello, M. (2015). Cell therapies for 
treatment of human immunodeficiency virus infection. Reviews in medical virology 25, 
156-174. 
Forshey, B.M., von Schwedler, U., Sundquist, W.I., and Aiken, C. (2002). Formation of 
a human immunodeficiency virus type 1 core of optimal stability is crucial for viral 
replication. J Virol 76, 5667-5677. 
Freed, E.O. (2015). HIV-1 assembly, release and maturation. Nat Rev Microbiol 13, 
484-496. 
Freeley, M., O'Dowd, F., Paul, T., Kashanin, D., Davies, A., Kelleher, D., and Long, A. 
(2012). L-plastin regulates polarization and migration in chemokine-stimulated human 
T lymphocytes. J Immunol 188, 6357-6370. 
Friedl, P., and Brocker, E.B. (2000). T cell migration in three-dimensional extracellular 
matrix: guidance by polarity and sensations. Developmental immunology 7, 249-266. 
Friedrich, M., Setz, C., Hahn, F., Matthaei, A., Fraedrich, K., Rauch, P., Henklein, P., 
Traxdorf, M., Fossen, T., and Schubert, U. (2016). Glutamic Acid Residues in HIV-1 p6 
Regulate Virus Budding and Membrane Association of Gag. Viruses 8. 
Fritz, J.V., Tibroni, N., Keppler, O.T., and Fackler, O.T. (2012). HIV-1 Vpu's lipid raft 
association is dispensable for counteraction of the particle release restriction imposed by 
CD317/Tetherin. Virology 424, 33-44. 
Fujii, H., Ato, M., Takahashi, Y., Otake, K., Hashimoto, S., Kaji, T., Tsunetsugu-
Yokota, Y., Fujita, M., Adachi, A., Nakayama, T., et al. (2011). HIV-1 Nef impairs 
multiple T-cell functions in antigen-specific immune response in mice. International 
immunology 23, 433-441. 
Galao, R.P., Le Tortorec, A., Pickering, S., Kueck, T., and Neil, S.J. (2012). Innate 
sensing of HIV-1 assembly by Tetherin induces NFkappaB-dependent proinflammatory 
responses. Cell Host Microbe 12, 633-644. 
Galao, R.P., Pickering, S., Curnock, R., and Neil, S.J. (2014). Retroviral retention 
activates a Syk-dependent HemITAM in human tetherin. Cell Host Microbe 16, 291-
303. 
Galaski, J., Ahmad, F., Tibroni, N., Pujol, F.M., Muller, B., Schmidt, R.E., and Fackler, 
O.T. (2015). Cell Surface Downregulation of NK Cell Ligands by Patient-derived HIV-
1 Vpu and Nef Alleles. J Acquir Immune Defic Syndr. 
Gallo, R.C., Salahuddin, S.Z., Popovic, M., Shearer, G.M., Kaplan, M., Haynes, B.F., 
Palker, T.J., Redfield, R., Oleske, J., Safai, B., et al. (1984). Frequent detection and 
isolation of cytopathic retroviruses (HTLV-III) from patients with AIDS and at risk for 
AIDS. Science (New York, NY) 224, 500-503. 




Ganser-Pornillos, B.K., Yeager, M., and Sundquist, W.I. (2008). The structural biology 
of HIV assembly. Current opinion in structural biology 18, 203-217. 
Ganser, B.K., Li, S., Klishko, V.Y., Finch, J.T., and Sundquist, W.I. (1999). Assembly 
and analysis of conical models for the HIV-1 core. Science (New York, NY) 283, 80-
83. 
Gao, D., Wu, J., Wu, Y.T., Du, F., Aroh, C., Yan, N., Sun, L., and Chen, Z.J. (2013). 
Cyclic GMP-AMP synthase is an innate immune sensor of HIV and other retroviruses. 
Science (New York, NY) 341, 903-906. 
Gao, F., Bailes, E., Robertson, D.L., Chen, Y., Rodenburg, C.M., Michael, S.F., 
Cummins, L.B., Arthur, L.O., Peeters, M., Shaw, G.M., et al. (1999). Origin of HIV-1 
in the chimpanzee Pan troglodytes troglodytes. Nature 397, 436-441. 
Gao, F., Yue, L., White, A.T., Pappas, P.G., Barchue, J., Hanson, A.P., Greene, B.M., 
Sharp, P.M., Shaw, G.M., and Hahn, B.H. (1992). Human infection by genetically 
diverse SIVSM-related HIV-2 in west Africa. Nature 358, 495-499. 
Garcia, J.V., and Miller, A.D. (1991). Serine phosphorylation-independent 
downregulation of cell-surface CD4 by nef. Nature 350, 508-511. 
Geijtenbeek, T.B., Kwon, D.S., Torensma, R., van Vliet, S.J., van Duijnhoven, G.C., 
Middel, J., Cornelissen, I.L., Nottet, H.S., KewalRamani, V.N., Littman, D.R., et al. 
(2000). DC-SIGN, a dendritic cell-specific HIV-1-binding protein that enhances trans-
infection of T cells. Cell 100, 587-597. 
Geist, M.M., Pan, X., Bender, S., Bartenschlager, R., Nickel, W., and Fackler, O.T. 
(2014). Heterologous Src homology 4 domains support membrane anchoring and 
biological activity of HIV-1 Nef. J Biol Chem 289, 14030-14044. 
Geraghty, R.J., Talbot, K.J., Callahan, M., Harper, W., and Panganiban, A.T. (1994). 
Cell type-dependence for Vpu function. Journal of medical primatology 23, 146-150. 
Gerard, A., Mertens, A.E., van der Kammen, R.A., and Collard, J.G. (2007). The Par 
polarity complex regulates Rap1- and chemokine-induced T cell polarization. J Cell 
Biol 176, 863-875. 
Gerard, A., van der Kammen, R.A., Janssen, H., Ellenbroek, S.I., and Collard, J.G. 
(2009). The Rac activator Tiam1 controls efficient T-cell trafficking and route of 
transendothelial migration. Blood 113, 6138-6147. 
Geyer, M., Fackler, O.T., and Peterlin, B.M. (2001). Structure--function relationships in 
HIV-1 Nef. EMBO Rep 2, 580-585. 
Geyer, M., Munte, C.E., Schorr, J., Kellner, R., and Kalbitzer, H.R. (1999). Structure of 
the anchor-domain of myristoylated and non-myristoylated HIV-1 Nef protein. Journal 
of molecular biology 289, 123-138. 
Giagulli, C., Scarpini, E., Ottoboni, L., Narumiya, S., Butcher, E.C., Constantin, G., and 
Laudanna, C. (2004). RhoA and zeta PKC control distinct modalities of LFA-1 
activation by chemokines: critical role of LFA-1 affinity triggering in lymphocyte in 
vivo homing. Immunity 20, 25-35. 
Giese, S.I., Woerz, I., Homann, S., Tibroni, N., Geyer, M., and Fackler, O.T. (2006). 
Specific and distinct determinants mediate membrane binding and lipid raft 
incorporation of HIV-1(SF2) Nef. Virology 355, 175-191. 




Giolo, G., Neri, F., Casartelli, N., Potesta, M., Belleudi, F., Torrisi, M.R., and Doria, M. 
(2007). Internalization and intracellular retention of CD4 are two separate functions of 
the human immunodeficiency virus type 1 Nef protein. J Gen Virol 88, 3133-3138. 
Goffinet, C., Allespach, I., Homann, S., Tervo, H.M., Habermann, A., Rupp, D., 
Oberbremer, L., Kern, C., Tibroni, N., Welsch, S., et al. (2009). HIV-1 antagonism of 
CD317 is species specific and involves Vpu-mediated proteasomal degradation of the 
restriction factor. Cell Host Microbe 5, 285-297. 
Goldsmith, M.A., Warmerdam, M.T., Atchison, R.E., Miller, M.D., and Greene, W.C. 
(1995). Dissociation of the CD4 downregulation and viral infectivity enhancement 
functions of human immunodeficiency virus type 1 Nef. J Virol 69, 4112-4121. 
Gomez-Mouton, C., Abad, J.L., Mira, E., Lacalle, R.A., Gallardo, E., Jimenez-Baranda, 
S., Illa, I., Bernad, A., Manes, S., and Martinez, A.C. (2001). Segregation of leading-
edge and uropod components into specific lipid rafts during T cell polarization. Proc 
Natl Acad Sci U S A 98, 9642-9647. 
Gonzalez, M.E. (2015). Vpu Protein: The Viroporin Encoded by HIV-1. Viruses 7, 
4352-4368. 
Gordon-Alonso, M., Yanez-Mo, M., Barreiro, O., Alvarez, S., Munoz-Fernandez, M.A., 
Valenzuela-Fernandez, A., and Sanchez-Madrid, F. (2006). Tetraspanins CD9 and 
CD81 modulate HIV-1-induced membrane fusion. J Immunol 177, 5129-5137. 
Gorry, P.R., McPhee, D.A., Verity, E., Dyer, W.B., Wesselingh, S.L., Learmont, J., 
Sullivan, J.S., Roche, M., Zaunders, J.J., Gabuzda, D., et al. (2007). Pathogenicity and 
immunogenicity of attenuated, nef-deleted HIV-1 strains in vivo. Retrovirology 4, 66. 
Gottlieb, M.S., Schroff, R., Schanker, H.M., Weisman, J.D., Fan, P.T., Wolf, R.A., and 
Saxon, A. (1981). Pneumocystis carinii pneumonia and mucosal candidiasis in 
previously healthy homosexual men: evidence of a new acquired cellular 
immunodeficiency. The New England journal of medicine 305, 1425-1431. 
Gottlinger, H.G. (2001). The HIV-1 assembly machine. Aids 15 Suppl 5, S13-20. 
Gottlinger, H.G., Dorfman, T., Sodroski, J.G., and Haseltine, W.A. (1991). Effect of 
mutations affecting the p6 gag protein on human immunodeficiency virus particle 
release. Proc Natl Acad Sci U S A 88, 3195-3199. 
Greenberg, M.E., Iafrate, A.J., and Skowronski, J. (1998). The SH3 domain-binding 
surface and an acidic motif in HIV-1 Nef regulate trafficking of class I MHC 
complexes. The EMBO journal 17, 2777-2789. 
Grzesiek, S., Bax, A., Clore, G.M., Gronenborn, A.M., Hu, J.S., Kaufman, J., Palmer, I., 
Stahl, S.J., and Wingfield, P.T. (1996a). The solution structure of HIV-1 Nef reveals an 
unexpected fold and permits delineation of the binding surface for the SH3 domain of 
Hck tyrosine protein kinase. Nature structural biology 3, 340-345. 
Grzesiek, S., Bax, A., Hu, J.S., Kaufman, J., Palmer, I., Stahl, S.J., Tjandra, N., and 
Wingfield, P.T. (1997). Refined solution structure and backbone dynamics of HIV-1 
Nef. Protein science : a publication of the Protein Society 6, 1248-1263. 
Grzesiek, S., Stahl, S.J., Wingfield, P.T., and Bax, A. (1996b). The CD4 determinant for 
downregulation by HIV-1 Nef directly binds to Nef. Mapping of the Nef binding 
surface by NMR. Biochemistry 35, 10256-10261. 




Gudima, G.O., Vorobjev, I.A., and Chentsov Yu, S. (1988). Centriolar location during 
blood cell spreading and motion in vitro: an ultrastructural analysis. J Cell Sci 89 ( Pt 
2), 225-241. 
Gustin, J.K., Douglas, J.L., Bai, Y., and Moses, A.V. (2012). Ubiquitination of BST-2 
protein by HIV-1 Vpu protein does not require lysine, serine, or threonine residues 
within the BST-2 cytoplasmic domain. J Biol Chem 287, 14837-14850. 
Gutierrez-Vazquez, C., Villarroya-Beltri, C., Mittelbrunn, M., and Sanchez-Madrid, F. 
(2013). Transfer of extracellular vesicles during immune cell-cell interactions. 
Immunological reviews 251, 125-142. 
Guy, B., Riviere, Y., Dott, K., Regnault, A., and Kieny, M.P. (1990). Mutational 
analysis of the HIV nef protein. Virology 176, 413-425. 
Gyorgy, B., Szabo, T.G., Pasztoi, M., Pal, Z., Misjak, P., Aradi, B., Laszlo, V., 
Pallinger, E., Pap, E., Kittel, A., et al. (2011). Membrane vesicles, current state-of-the-
art: emerging role of extracellular vesicles. Cellular and molecular life sciences : CMLS 
68, 2667-2688. 
Hallenberger, S., Bosch, V., Angliker, H., Shaw, E., Klenk, H.D., and Garten, W. 
(1992). Inhibition of furin-mediated cleavage activation of HIV-1 glycoprotein gp160. 
Nature 360, 358-361. 
Haller, C., Muller, B., Fritz, J.V., Lamas-Murua, M., Stolp, B., Pujol, F.M., Keppler, 
O.T., and Fackler, O.T. (2014). HIV-1 Nef and Vpu are functionally redundant broad-
spectrum modulators of cell surface receptors, including tetraspanins. J Virol 88, 14241-
14257. 
Haller, C., Rauch, S., and Fackler, O.T. (2007). HIV-1 Nef employs two distinct 
mechanisms to modulate Lck subcellular localization and TCR induced actin 
remodeling. PLoS One 2, e1212. 
Haller, C., Rauch, S., Michel, N., Hannemann, S., Lehmann, M.J., Keppler, O.T., and 
Fackler, O.T. (2006). The HIV-1 pathogenicity factor Nef interferes with maturation of 
stimulatory T-lymphocyte contacts by modulation of N-Wasp activity. J Biol Chem 
281, 19618-19630. 
Haller, C., Tibroni, N., Rudolph, J.M., Grosse, R., and Fackler, O.T. (2011). Nef does 
not inhibit F-actin remodelling and HIV-1 cell-cell transmission at the T lymphocyte 
virological synapse. Eur J Cell Biol 90, 913-921. 
Hammes, S.R., Dixon, E.P., Malim, M.H., Cullen, B.R., and Greene, W.C. (1989). Nef 
protein of human immunodeficiency virus type 1: evidence against its role as a 
transcriptional inhibitor. Proc Natl Acad Sci U S A 86, 9549-9553. 
Hanna, Z., Kay, D.G., Rebai, N., Guimond, A., Jothy, S., and Jolicoeur, P. (1998). Nef 
harbors a major determinant of pathogenicity for an AIDS-like disease induced by HIV-
1 in transgenic mice. Cell 95, 163-175. 
Hartley, O., Klasse, P.J., Sattentau, Q.J., and Moore, J.P. (2005). V3: HIV's switch-
hitter. AIDS research and human retroviruses 21, 171-189. 
He, Q., Wang, G., Wakade, S., Dasgupta, S., Dinkins, M., Kong, J.N., Spassieva, S.D., 
and Bieberich, E. (2014). Primary cilia in stem cells and neural progenitors are 
regulated by neutral sphingomyelinase 2 and ceramide. Mol Biol Cell 25, 1715-1729. 




Heasman, S.J., Carlin, L.M., Cox, S., Ng, T., and Ridley, A.J. (2010). Coordinated 
RhoA signaling at the leading edge and uropod is required for T cell transendothelial 
migration. J Cell Biol 190, 553-563. 
Hemelaar, J., Gouws, E., Ghys, P.D., and Osmanov, S. (2006). Global and regional 
distribution of HIV-1 genetic subtypes and recombinants in 2004. Aids 20, W13-23. 
Hemler, M.E. (2003). Tetraspanin proteins mediate cellular penetration, invasion, and 
fusion events and define a novel type of membrane microdomain. Annual review of cell 
and developmental biology 19, 397-422. 
Herold, N., Anders-Osswein, M., Glass, B., Eckhardt, M., Muller, B., and Krausslich, 
H.G. (2014). HIV-1 entry in SupT1-R5, CEM-ss, and primary CD4+ T cells occurs at 
the plasma membrane and does not require endocytosis. J Virol 88, 13956-13970. 
Herrero, L., Monroy, N., and Gonzalez, M.E. (2013). HIV-1 Vpu protein mediates the 
transport of potassium in Saccharomyces cerevisiae. Biochemistry 52, 171-177. 
Hessell, A.J., Poignard, P., Hunter, M., Hangartner, L., Tehrani, D.M., Bleeker, W.K., 
Parren, P.W., Marx, P.A., and Burton, D.R. (2009). Effective, low-titer antibody 
protection against low-dose repeated mucosal SHIV challenge in macaques. Nat Med 
15, 951-954. 
Hirsch, V.M., Olmsted, R.A., Murphey-Corb, M., Purcell, R.H., and Johnson, P.R. 
(1989). An African primate lentivirus (SIVsm) closely related to HIV-2. Nature 339, 
389-392. 
Hladik, F., and McElrath, M.J. (2008). Setting the stage: host invasion by HIV. Nat Rev 
Immunol 8, 447-457. 
Ho, Y.C., Shan, L., Hosmane, N.N., Wang, J., Laskey, S.B., Rosenbloom, D.I., Lai, J., 
Blankson, J.N., Siliciano, J.D., and Siliciano, R.F. (2013). Replication-competent 
noninduced proviruses in the latent reservoir increase barrier to HIV-1 cure. Cell 155, 
540-551. 
Hogue, I.B., Grover, J.R., Soheilian, F., Nagashima, K., and Ono, A. (2011). Gag 
induces the coalescence of clustered lipid rafts and tetraspanin-enriched microdomains 
at HIV-1 assembly sites on the plasma membrane. J Virol 85, 9749-9766. 
Holmes, M., Zhang, F., and Bieniasz, P.D. (2015). Single-Cell and Single-Cycle 
Analysis of HIV-1 Replication. PLoS Pathog 11, e1004961. 
Hout, D.R., Gomez, M.L., Pacyniak, E., Gomez, L.M., Inbody, S.H., Mulcahy, E.R., 
Culley, N., Pinson, D.M., Powers, M.F., Wong, S.W., et al. (2005). Scrambling of the 
amino acids within the transmembrane domain of Vpu results in a simian-human 
immunodeficiency virus (SHIVTM) that is less pathogenic for pig-tailed macaques. 
Virology 339, 56-69. 
Hoxie, J.A., and June, C.H. (2012). Novel cell and gene therapies for HIV. Cold Spring 
Harbor perspectives in medicine 2. 
Hrecka, K., Hao, C., Gierszewska, M., Swanson, S.K., Kesik-Brodacka, M., Srivastava, 
S., Florens, L., Washburn, M.P., and Skowronski, J. (2011). Vpx relieves inhibition of 
HIV-1 infection of macrophages mediated by the SAMHD1 protein. Nature 474, 658-
661. 




Hrecka, K., Swigut, T., Schindler, M., Kirchhoff, F., and Skowronski, J. (2005). Nef 
proteins from diverse groups of primate lentiviruses downmodulate CXCR4 to inhibit 
migration to the chemokine stromal derived factor 1. J Virol 79, 10650-10659. 
Hsu, K., Han, J., Shinlapawittayatorn, K., Deschenes, I., and Marban, E. (2010). 
Membrane potential depolarization as a triggering mechanism for Vpu-mediated HIV-1 
release. Biophys J 99, 1718-1725. 
Hu, W., Kaminski, R., Yang, F., Zhang, Y., Cosentino, L., Li, F., Luo, B., Alvarez-
Carbonell, D., Garcia-Mesa, Y., Karn, J., et al. (2014). RNA-directed gene editing 
specifically eradicates latent and prevents new HIV-1 infection. Proc Natl Acad Sci U S 
A 111, 11461-11466. 
Hu, W.S., and Hughes, S.H. (2012). HIV-1 reverse transcription. Cold Spring Harbor 
perspectives in medicine 2. 
Hu, Y., Kiely, J.M., Szente, B.E., Rosenzweig, A., and Gimbrone, M.A., Jr. (2000). E-
selectin-dependent signaling via the mitogen-activated protein kinase pathway in 
vascular endothelial cells. J Immunol 165, 2142-2148. 
Huang, A.J., Manning, J.E., Bandak, T.M., Ratau, M.C., Hanser, K.R., and Silverstein, 
S.C. (1993). Endothelial cell cytosolic free calcium regulates neutrophil migration 
across monolayers of endothelial cells. J Cell Biol 120, 1371-1380. 
Huet, T., Cheynier, R., Meyerhans, A., Roelants, G., and Wain-Hobson, S. (1990). 
Genetic organization of a chimpanzee lentivirus related to HIV-1. Nature 345, 356-359. 
Hung, C.H., Thomas, L., Ruby, C.E., Atkins, K.M., Morris, N.P., Knight, Z.A., Scholz, 
I., Barklis, E., Weinberg, A.D., Shokat, K.M., et al. (2007). HIV-1 Nef assembles a Src 
family kinase-ZAP-70/Syk-PI3K cascade to downregulate cell-surface MHC-I. Cell 
Host Microbe 1, 121-133. 
Hutter, G., Nowak, D., Mossner, M., Ganepola, S., Mussig, A., Allers, K., Schneider, 
T., Hofmann, J., Kucherer, C., Blau, O., et al. (2009). Long-term control of HIV by 
CCR5 Delta32/Delta32 stem-cell transplantation. The New England journal of medicine 
360, 692-698. 
Hyun, Y.M., Sumagin, R., Sarangi, P.P., Lomakina, E., Overstreet, M.G., Baker, C.M., 
Fowell, D.J., Waugh, R.E., Sarelius, I.H., and Kim, M. (2012). Uropod elongation is a 
common final step in leukocyte extravasation through inflamed vessels. The Journal of 
experimental medicine 209, 1349-1362. 
Iafrate, A.J., Bronson, S., and Skowronski, J. (1997). Separable functions of Nef disrupt 
two aspects of T cell receptor machinery: CD4 expression and CD3 signaling. The 
EMBO journal 16, 673-684. 
Ichetovkin, I., Grant, W., and Condeelis, J. (2002). Cofilin produces newly polymerized 
actin filaments that are preferred for dendritic nucleation by the Arp2/3 complex. Curr 
Biol 12, 79-84. 
Ichetovkin, I., Han, J., Pang, K.M., Knecht, D.A., and Condeelis, J.S. (2000). Actin 
filaments are severed by both native and recombinant dictyostelium cofilin but to 
different extents. Cell motility and the cytoskeleton 45, 293-306. 
Imle, A., Abraham, L., Tsopoulidis, N., Hoflack, B., Saksela, K., and Fackler, O.T. 
(2015). Association with PAK2 Enables Functional Interactions of Lentiviral Nef 
Proteins with the Exocyst Complex. MBio 6, e01309-01315. 




Insall, R.H., and Machesky, L.M. (2009). Actin dynamics at the leading edge: from 
simple machinery to complex networks. Dev Cell 17, 310-322. 
Iyasere, C., Tilton, J.C., Johnson, A.J., Younes, S., Yassine-Diab, B., Sekaly, R.P., 
Kwok, W.W., Migueles, S.A., Laborico, A.C., Shupert, W.L., et al. (2003). Diminished 
proliferation of human immunodeficiency virus-specific CD4+ T cells is associated 
with diminished interleukin-2 (IL-2) production and is recovered by exogenous IL-2. J 
Virol 77, 10900-10909. 
Izquierdo-Useros, N., Lorizate, M., McLaren, P.J., Telenti, A., Krausslich, H.G., and 
Martinez-Picado, J. (2014). HIV-1 capture and transmission by dendritic cells: the role 
of viral glycolipids and the cellular receptor Siglec-1. PLoS Pathog 10, e1004146. 
Izquierdo-Useros, N., Lorizate, M., Puertas, M.C., Rodriguez-Plata, M.T., Zangger, N., 
Erikson, E., Pino, M., Erkizia, I., Glass, B., Clotet, B., et al. (2012). Siglec-1 is a novel 
dendritic cell receptor that mediates HIV-1 trans-infection through recognition of viral 
membrane gangliosides. PLoS biology 10, e1001448. 
Jakobsen, M.R., Bak, R.O., Andersen, A., Berg, R.K., Jensen, S.B., Tengchuan, J., 
Laustsen, A., Hansen, K., Ostergaard, L., Fitzgerald, K.A., et al. (2013a). IFI16 senses 
DNA forms of the lentiviral replication cycle and controls HIV-1 replication. Proc Natl 
Acad Sci U S A 110, E4571-4580. 
Jakobsen, M.R., Mogensen, T.H., and Paludan, S.R. (2013b). Caught in translation: 
innate restriction of HIV mRNA translation by a schlafen family protein. Cell Res 23, 
320-322. 
Janardhan, A., Swigut, T., Hill, B., Myers, M.P., and Skowronski, J. (2004). HIV-1 Nef 
binds the DOCK2-ELMO1 complex to activate rac and inhibit lymphocyte chemotaxis. 
PLoS biology 2, E6. 
Janvier, K., Pelchen-Matthews, A., Renaud, J.B., Caillet, M., Marsh, M., and Berlioz-
Torrent, C. (2011). The ESCRT-0 component HRS is required for HIV-1 Vpu-mediated 
BST-2/tetherin down-regulation. PLoS Pathog 7, e1001265. 
Jay, P.Y., Pham, P.A., Wong, S.A., and Elson, E.L. (1995). A mechanical function of 
myosin II in cell motility. J Cell Sci 108 ( Pt 1), 387-393. 
Jia, X., Singh, R., Homann, S., Yang, H., Guatelli, J., and Xiong, Y. (2012). Structural 
basis of evasion of cellular adaptive immunity by HIV-1 Nef. Nature structural & 
molecular biology 19, 701-706. 
Jia, X., Weber, E., Tokarev, A., Lewinski, M., Rizk, M., Suarez, M., Guatelli, J., and 
Xiong, Y. (2014). Structural basis of HIV-1 Vpu-mediated BST2 antagonism via 
hijacking of the clathrin adaptor protein complex 1. eLife 3, e02362. 
Jiang, G., and Dandekar, S. (2015). Targeting NF-kappaB signaling with protein kinase 
C agonists as an emerging strategy for combating HIV latency. AIDS research and 
human retroviruses 31, 4-12. 
Jiang, G., Espeseth, A., Hazuda, D.J., and Margolis, D.M. (2007). c-Myc and Sp1 
contribute to proviral latency by recruiting histone deacetylase 1 to the human 
immunodeficiency virus type 1 promoter. J Virol 81, 10914-10923. 
Jolly, C., Mitar, I., and Sattentau, Q.J. (2007). Adhesion molecule interactions facilitate 
human immunodeficiency virus type 1-induced virological synapse formation between 
T cells. J Virol 81, 13916-13921. 




Kalra, H., Adda, C.G., Liem, M., Ang, C.S., Mechler, A., Simpson, R.J., Hulett, M.D., 
and Mathivanan, S. (2013). Comparative proteomics evaluation of plasma exosome 
isolation techniques and assessment of the stability of exosomes in normal human blood 
plasma. Proteomics 13, 3354-3364. 
Kaminchik, J., Margalit, R., Yaish, S., Drummer, H., Amit, B., Sarver, N., Gorecki, M., 
and Panet, A. (1994). Cellular distribution of HIV type 1 Nef protein: identification of 
domains in Nef required for association with membrane and detergent-insoluble cellular 
matrix. AIDS research and human retroviruses 10, 1003-1010. 
Kane, M., Yadav, S.S., Bitzegeio, J., Kutluay, S.B., Zang, T., Wilson, S.J., Schoggins, 
J.W., Rice, C.M., Yamashita, M., Hatziioannou, T., et al. (2013). MX2 is an interferon-
induced inhibitor of HIV-1 infection. Nature 502, 563-566. 
Karn, J., and Stoltzfus, C.M. (2012). Transcriptional and posttranscriptional regulation 
of HIV-1 gene expression. Cold Spring Harbor perspectives in medicine 2, a006916. 
Katlama, C., Deeks, S.G., Autran, B., Martinez-Picado, J., van Lunzen, J., Rouzioux, 
C., Miller, M., Vella, S., Schmitz, J.E., Ahlers, J., et al. (2013). Barriers to a cure for 
HIV: new ways to target and eradicate HIV-1 reservoirs. Lancet (London, England) 
381, 2109-2117. 
Kaufmann, D.E., Kavanagh, D.G., Pereyra, F., Zaunders, J.J., Mackey, E.W., Miura, T., 
Palmer, S., Brockman, M., Rathod, A., Piechocka-Trocha, A., et al. (2007). 
Upregulation of CTLA-4 by HIV-specific CD4+ T cells correlates with disease 
progression and defines a reversible immune dysfunction. Nature immunology 8, 1246-
1254. 
Keele, B.F., Giorgi, E.E., Salazar-Gonzalez, J.F., Decker, J.M., Pham, K.T., Salazar, 
M.G., Sun, C., Grayson, T., Wang, S., Li, H., et al. (2008). Identification and 
characterization of transmitted and early founder virus envelopes in primary HIV-1 
infection. Proc Natl Acad Sci U S A 105, 7552-7557. 
Keele, B.F., Van Heuverswyn, F., Li, Y., Bailes, E., Takehisa, J., Santiago, M.L., 
Bibollet-Ruche, F., Chen, Y., Wain, L.V., Liegeois, F., et al. (2006). Chimpanzee 
reservoirs of pandemic and nonpandemic HIV-1. Science (New York, NY) 313, 523-
526. 
Keppler, O.T., Tibroni, N., Venzke, S., Rauch, S., and Fackler, O.T. (2006). Modulation 
of specific surface receptors and activation sensitization in primary resting CD4+ T 
lymphocytes by the Nef protein of HIV-1. J Leukoc Biol 79, 616-627. 
Kerkau, T., Bacik, I., Bennink, J.R., Yewdell, J.W., Hunig, T., Schimpl, A., and 
Schubert, U. (1997). The human immunodeficiency virus type 1 (HIV-1) Vpu protein 
interferes with an early step in the biosynthesis of major histocompatibility complex 
(MHC) class I molecules. The Journal of experimental medicine 185, 1295-1305. 
Kestler, H.W., 3rd, Ringler, D.J., Mori, K., Panicali, D.L., Sehgal, P.K., Daniel, M.D., 
and Desrosiers, R.C. (1991). Importance of the nef gene for maintenance of high virus 
loads and for development of AIDS. Cell 65, 651-662. 
Killian, M.S., and Levy, J.A. (2011). HIV/AIDS: 30 years of progress and future 
challenges. European journal of immunology 41, 3401-3411. 
Kim, B., Nguyen, L.A., Daddacha, W., and Hollenbaugh, J.A. (2012). Tight interplay 
among SAMHD1 protein level, cellular dNTP levels, and HIV-1 proviral DNA 




synthesis kinetics in human primary monocyte-derived macrophages. J Biol Chem 287, 
21570-21574. 
Kim, F.J., Battini, J.L., Manel, N., and Sitbon, M. (2004). Emergence of vertebrate 
retroviruses and envelope capture. Virology 318, 183-191. 
Kim, S., Ikeuchi, K., Byrn, R., Groopman, J., and Baltimore, D. (1989). Lack of a 
negative influence on viral growth by the nef gene of human immunodeficiency virus 
type 1. Proc Natl Acad Sci U S A 86, 9544-9548. 
Kirchhoff, F., Greenough, T.C., Brettler, D.B., Sullivan, J.L., and Desrosiers, R.C. 
(1995). Brief report: absence of intact nef sequences in a long-term survivor with 
nonprogressive HIV-1 infection. The New England journal of medicine 332, 228-232. 
Klatzmann, D., Champagne, E., Chamaret, S., Gruest, J., Guetard, D., Hercend, T., 
Gluckman, J.C., and Montagnier, L. (1984). T-lymphocyte T4 molecule behaves as the 
receptor for human retrovirus LAV. Nature 312, 767-768. 
Klimkait, T., Strebel, K., Hoggan, M.D., Martin, M.A., and Orenstein, J.M. (1990). The 
human immunodeficiency virus type 1-specific protein vpu is required for efficient 
virus maturation and release. J Virol 64, 621-629. 
Klose, R., Berger, C., Moll, I., Adam, M.G., Schwarz, F., Mohr, K., Augustin, H.G., 
and Fischer, A. (2015). Soluble Notch ligand and receptor peptides act antagonistically 
during angiogenesis. Cardiovascular research 107, 153-163. 
Kluge, S.F., Mack, K., Iyer, S.S., Pujol, F.M., Heigele, A., Learn, G.H., Usmani, S.M., 
Sauter, D., Joas, S., Hotter, D., et al. (2014). Nef proteins of epidemic HIV-1 group O 
strains antagonize human tetherin. Cell Host Microbe 16, 639-650. 
Koh, Y., Wu, X., Ferris, A.L., Matreyek, K.A., Smith, S.J., Lee, K., KewalRamani, 
V.N., Hughes, S.H., and Engelman, A. (2013). Differential effects of human 
immunodeficiency virus type 1 capsid and cellular factors nucleoporin 153 and 
LEDGF/p75 on the efficiency and specificity of viral DNA integration. J Virol 87, 648-
658. 
Konadu, K.A., Anderson, J.S., Huang, M.B., Ali, S.A., Powell, M.D., Villinger, F., and 
Bond, V.C. (2015). Hallmarks of HIV-1 pathogenesis are modulated by Nef's Secretion 
Modification Region. Journal of AIDS & clinical research 6. 
Konvalinka, J., Krausslich, H.G., and Muller, B. (2015). Retroviral proteases and their 
roles in virion maturation. Virology 479-480, 403-417. 
Korber, B., Gaschen, B., Yusim, K., Thakallapally, R., Kesmir, C., and Detours, V. 
(2001). Evolutionary and immunological implications of contemporary HIV-1 variation. 
British medical bulletin 58, 19-42. 
Kordelas, L., Verheyen, J., Beelen, D.W., Horn, P.A., Heinold, A., Kaiser, R., 
Trenschel, R., Schadendorf, D., Dittmer, U., and Esser, S. (2014). Shift of HIV tropism 
in stem-cell transplantation with CCR5 Delta32 mutation. The New England journal of 
medicine 371, 880-882. 
Korin, Y.D., Brooks, D.G., Brown, S., Korotzer, A., and Zack, J.A. (2002). Effects of 
prostratin on T-cell activation and human immunodeficiency virus latency. J Virol 76, 
8118-8123. 
Korn, E.D., and Hammer, J.A., 3rd (1988). Myosins of nonmuscle cells. Annual review 
of biophysics and biophysical chemistry 17, 23-45. 




Koup, R.A. (1994). Virus escape from CTL recognition. The Journal of experimental 
medicine 180, 779-782. 
Koup, R.A., Safrit, J.T., Cao, Y., Andrews, C.A., McLeod, G., Borkowsky, W., 
Farthing, C., and Ho, D.D. (1994). Temporal association of cellular immune responses 
with the initial control of viremia in primary human immunodeficiency virus type 1 
syndrome. J Virol 68, 4650-4655. 
Krautkramer, E., Giese, S.I., Gasteier, J.E., Muranyi, W., and Fackler, O.T. (2004). 
Human immunodeficiency virus type 1 Nef activates p21-activated kinase via 
recruitment into lipid rafts. J Virol 78, 4085-4097. 
Krementsov, D.N., Weng, J., Lambele, M., Roy, N.H., and Thali, M. (2009). 
Tetraspanins regulate cell-to-cell transmission of HIV-1. Retrovirology 6, 64. 
Kueck, T., Foster, T.L., Weinelt, J., Sumner, J.C., Pickering, S., and Neil, S.J. (2015). 
Serine Phosphorylation of HIV-1 Vpu and Its Binding to Tetherin Regulates Interaction 
with Clathrin Adaptors. PLoS Pathog 11, e1005141. 
Kueck, T., and Neil, S.J. (2012). A cytoplasmic tail determinant in HIV-1 Vpu mediates 
targeting of tetherin for endosomal degradation and counteracts interferon-induced 
restriction. PLoS Pathog 8, e1002609. 
Kuhl, B.D., Cheng, V., Donahue, D.A., Sloan, R.D., Liang, C., Wilkinson, J., and 
Wainberg, M.A. (2011). The HIV-1 Vpu viroporin inhibitor BIT225 does not affect 
Vpu-mediated tetherin antagonism. PLoS One 6, e27660. 
Kulkosky, J., Culnan, D.M., Roman, J., Dornadula, G., Schnell, M., Boyd, M.R., and 
Pomerantz, R.J. (2001). Prostratin: activation of latent HIV-1 expression suggests a 
potential inductive adjuvant therapy for HAART. Blood 98, 3006-3015. 
Kumar, P. (2013). Long term non-progressor (LTNP) HIV infection. The Indian journal 
of medical research 138, 291-293. 
Kupzig, S., Korolchuk, V., Rollason, R., Sugden, A., Wilde, A., and Banting, G. (2003). 
Bst-2/HM1.24 is a raft-associated apical membrane protein with an unusual topology. 
Traffic (Copenhagen, Denmark) 4, 694-709. 
Kwon, D.S., Gregorio, G., Bitton, N., Hendrickson, W.A., and Littman, D.R. (2002). 
DC-SIGN-mediated internalization of HIV is required for trans-enhancement of T cell 
infection. Immunity 16, 135-144. 
Kwong, P.D., Wyatt, R., Robinson, J., Sweet, R.W., Sodroski, J., and Hendrickson, 
W.A. (1998). Structure of an HIV gp120 envelope glycoprotein in complex with the 
CD4 receptor and a neutralizing human antibody. Nature 393, 648-659. 
Laguette, N., Bregnard, C., Benichou, S., and Basmaciogullari, S. (2010). Human 
immunodeficiency virus (HIV) type-1, HIV-2 and simian immunodeficiency virus Nef 
proteins. Molecular aspects of medicine 31, 418-433. 
Laguette, N., Bregnard, C., Bouchet, J., Benmerah, A., Benichou, S., and 
Basmaciogullari, S. (2009). Nef-induced CD4 endocytosis in human immunodeficiency 
virus type 1 host cells: role of p56lck kinase. J Virol 83, 7117-7128. 
Laguette, N., Bregnard, C., Hue, P., Basbous, J., Yatim, A., Larroque, M., Kirchhoff, F., 
Constantinou, A., Sobhian, B., and Benkirane, M. (2014). Premature activation of the 
SLX4 complex by Vpr promotes G2/M arrest and escape from innate immune sensing. 
Cell 156, 134-145. 




Laguette, N., Sobhian, B., Casartelli, N., Ringeard, M., Chable-Bessia, C., Segeral, E., 
Yatim, A., Emiliani, S., Schwartz, O., and Benkirane, M. (2011). SAMHD1 is the 
dendritic- and myeloid-cell-specific HIV-1 restriction factor counteracted by Vpx. 
Nature 474, 654-657. 
Lalonde, M.S., Lobritz, M.A., Ratcliff, A., Chamanian, M., Athanassiou, Z., Tyagi, M., 
Wong, J., Robinson, J.A., Karn, J., Varani, G., et al. (2011). Inhibition of both HIV-1 
reverse transcription and gene expression by a cyclic peptide that binds the Tat-
transactivating response element (TAR) RNA. PLoS Pathog 7, e1002038. 
Lambele, M., Koppensteiner, H., Symeonides, M., Roy, N.H., Chan, J., Schindler, M., 
and Thali, M. (2015). Vpu is the main determinant for tetraspanin downregulation in 
HIV-1-infected cells. J Virol 89, 3247-3255. 
Lammermann, T., Bader, B.L., Monkley, S.J., Worbs, T., Wedlich-Soldner, R., Hirsch, 
K., Keller, M., Forster, R., Critchley, D.R., Fassler, R., et al. (2008). Rapid leukocyte 
migration by integrin-independent flowing and squeezing. Nature 453, 51-55. 
Lander, E.S., Linton, L.M., Birren, B., Nusbaum, C., Zody, M.C., Baldwin, J., Devon, 
K., Dewar, K., Doyle, M., FitzHugh, W., et al. (2001). Initial sequencing and analysis 
of the human genome. Nature 409, 860-921. 
Landi, A., Iannucci, V., Nuffel, A.V., Meuwissen, P., and Verhasselt, B. (2011). One 
protein to rule them all: modulation of cell surface receptors and molecules by HIV Nef. 
Current HIV research 9, 496-504. 
Lappalainen, P., and Drubin, D.G. (1997). Cofilin promotes rapid actin filament 
turnover in vivo. Nature 388, 78-82. 
Laskey, S.B., and Siliciano, R.F. (2014). A mechanistic theory to explain the efficacy of 
antiretroviral therapy. Nat Rev Microbiol 12, 772-780. 
Laspia, M.F., Rice, A.P., and Mathews, M.B. (1989). HIV-1 Tat protein increases 
transcriptional initiation and stabilizes elongation. Cell 59, 283-292. 
Lau, D., Kwan, W., and Guatelli, J. (2011). Role of the endocytic pathway in the 
counteraction of BST-2 by human lentiviral pathogens. J Virol 85, 9834-9846. 
Lee, B., Sharron, M., Montaner, L.J., Weissman, D., and Doms, R.W. (1999). 
Quantification of CD4, CCR5, and CXCR4 levels on lymphocyte subsets, dendritic 
cells, and differentially conditioned monocyte-derived macrophages. Proc Natl Acad 
Sci U S A 96, 5215-5220. 
Lee, C.M., Gala, S., Stewart, G.J., and Williamson, P. (2008). The proline-rich region of 
HIV-1 Nef affects CXCR4-mediated chemotaxis in Jurkat T cells. Viral immunology 
21, 347-354. 
Lee, C.H., Saksela, K., Mirza, U.A., Chait, B.T., and Kuriyan, J. (1996). Crystal 
structure of the conserved core of HIV-1 Nef complexed with a Src family SH3 domain. 
Cell 85, 931-942. 
Lee, J.H., Katakai, T., Hara, T., Gonda, H., Sugai, M., and Shimizu, A. (2004). Roles of 
p-ERM and Rho-ROCK signaling in lymphocyte polarity and uropod formation. J Cell 
Biol 167, 327-337. 
Lee, J.H., Schierer, S., Blume, K., Dindorf, J., Wittki, S., Xiang, W., Ostalecki, C., 
Koliha, N., Wild, S., Schuler, G., et al. (2016). HIV-Nef and ADAM17-Containing 




Plasma Extracellular Vesicles Induce and Correlate with Immune Pathogenesis in 
Chronic HIV Infection. EBioMedicine 6, 103-113. 
Lee, J.H., Wittki, S., Brau, T., Dreyer, F.S., Kratzel, K., Dindorf, J., Johnston, I.C., 
Gross, S., Kremmer, E., Zeidler, R., et al. (2013). HIV Nef, paxillin, and Pak1/2 
regulate activation and secretion of TACE/ADAM10 proteases. Mol Cell 49, 668-679. 
Lehmann, M., Rocha, S., Mangeat, B., Blanchet, F., Uji, I.H., Hofkens, J., and Piguet, 
V. (2011). Quantitative multicolor super-resolution microscopy reveals tetherin HIV-1 
interaction. PLoS Pathog 7, e1002456. 
Lehrman, G., Hogue, I.B., Palmer, S., Jennings, C., Spina, C.A., Wiegand, A., Landay, 
A.L., Coombs, R.W., Richman, D.D., Mellors, J.W., et al. (2005). Depletion of latent 
HIV-1 infection in vivo: a proof-of-concept study. Lancet (London, England) 366, 549-
555. 
Lemey, P., Pybus, O.G., Wang, B., Saksena, N.K., Salemi, M., and Vandamme, A.M. 
(2003). Tracing the origin and history of the HIV-2 epidemic. Proc Natl Acad Sci U S A 
100, 6588-6592. 
Lenassi, M., Cagney, G., Liao, M., Vaupotic, T., Bartholomeeusen, K., Cheng, Y., 
Krogan, N.J., Plemenitas, A., and Peterlin, B.M. (2010). HIV Nef is secreted in 
exosomes and triggers apoptosis in bystander CD4+ T cells. Traffic (Copenhagen, 
Denmark) 11, 110-122. 
Letschka, T., Kollmann, V., Pfeifhofer-Obermair, C., Lutz-Nicoladoni, C., Obermair, 
G.J., Fresser, F., Leitges, M., Hermann-Kleiter, N., Kaminski, S., and Baier, G. (2008). 
PKC-theta selectively controls the adhesion-stimulating molecule Rap1. Blood 112, 
4617-4627. 
Levy, S., and Shoham, T. (2005a). Protein-protein interactions in the tetraspanin web. 
Physiology (Bethesda, Md) 20, 218-224. 
Levy, S., and Shoham, T. (2005b). The tetraspanin web modulates immune-signalling 
complexes. Nat Rev Immunol 5, 136-148. 
Ley, K., Laudanna, C., Cybulsky, M.I., and Nourshargh, S. (2007). Getting to the site of 
inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol 7, 678-689. 
Li, M., Kao, E., Gao, X., Sandig, H., Limmer, K., Pavon-Eternod, M., Jones, T.E., 
Landry, S., Pan, T., Weitzman, M.D., et al. (2012). Codon-usage-based inhibition of 
HIV protein synthesis by human schlafen 11. Nature 491, 125-128. 
Li, S., Hill, C.P., Sundquist, W.I., and Finch, J.T. (2000). Image reconstructions of 
helical assemblies of the HIV-1 CA protein. Nature 407, 409-413. 
Lin, Z., Feng, R., Li, J., Meng, Y., Yuan, L., Fu, Z., Guo, J., Bringhurst, F.R., and Yang, 
D. (2014). Nuclear translocation of CBP/p300-interacting protein CITED1 induced by 
parathyroid hormone requires serine phosphorylation at position 79 in its 63–84 
domain. Cellular Signalling 26, 2436-2445. 
Lindwasser, O.W., Chaudhuri, R., and Bonifacino, J.S. (2007). Mechanisms of CD4 
downregulation by the Nef and Vpu proteins of primate immunodeficiency viruses. 
Curr Mol Med 7, 171-184. 
Liu, R., Paxton, W.A., Choe, S., Ceradini, D., Martin, S.R., Horuk, R., MacDonald, 
M.E., Stuhlmann, H., Koup, R.A., and Landau, N.R. (1996). Homozygous defect in 




HIV-1 coreceptor accounts for resistance of some multiply-exposed individuals to HIV-
1 infection. Cell 86, 367-377. 
Lotvall, J., Hill, A.F., Hochberg, F., Buzas, E.I., Di Vizio, D., Gardiner, C., Gho, Y.S., 
Kurochkin, I.V., Mathivanan, S., Quesenberry, P., et al. (2014). Minimal experimental 
requirements for definition of extracellular vesicles and their functions: a position 
statement from the International Society for Extracellular Vesicles. Journal of 
extracellular vesicles 3, 26913. 
Lu, X., Yu, H., Liu, S.H., Brodsky, F.M., and Peterlin, B.M. (1998). Interactions 
between HIV1 Nef and vacuolar ATPase facilitate the internalization of CD4. Immunity 
8, 647-656. 
Luciw, P.A., Cheng-Mayer, C., and Levy, J.A. (1987). Mutational analysis of the 
human immunodeficiency virus: the orf-B region down-regulates virus replication. Proc 
Natl Acad Sci U S A 84, 1434-1438. 
Luft, L.M., Gill, M.J., and Church, D.L. (2011). HIV-1 viral diversity and its 
implications for viral load testing: review of current platforms. International journal of 
infectious diseases : IJID : official publication of the International Society for Infectious 
Diseases 15, e661-670. 
Lundgren, J.D., Babiker, A.G., Gordin, F., Emery, S., Grund, B., Sharma, S., 
Avihingsanon, A., Cooper, D.A., Fatkenheuer, G., Llibre, J.M., et al. (2015). Initiation 
of Antiretroviral Therapy in Early Asymptomatic HIV Infection. The New England 
journal of medicine 373, 795-807. 
Lusic, M., and Giacca, M. (2015). Regulation of HIV-1 latency by chromatin structure 
and nuclear architecture. Journal of molecular biology 427, 688-694. 
Maartens, G., Celum, C., and Lewin, S.R. (2014). HIV infection: epidemiology, 
pathogenesis, treatment, and prevention. Lancet (London, England) 384, 258-271. 
Magadan, J.G., Perez-Victoria, F.J., Sougrat, R., Ye, Y., Strebel, K., and Bonifacino, 
J.S. (2010). Multilayered mechanism of CD4 downregulation by HIV-1 Vpu involving 
distinct ER retention and ERAD targeting steps. PLoS Pathog 6, e1000869. 
Majstoravich, S., Zhang, J., Nicholson-Dykstra, S., Linder, S., Friedrich, W., 
Siminovitch, K.A., and Higgs, H.N. (2004). Lymphocyte microvilli are dynamic, actin-
dependent structures that do not require Wiskott-Aldrich syndrome protein (WASp) for 
their morphology. Blood 104, 1396-1403. 
Malbec, M., Sourisseau, M., Guivel-Benhassine, F., Porrot, F., Blanchet, F., Schwartz, 
O., and Casartelli, N. (2013). HIV-1 Nef promotes the localization of Gag to the cell 
membrane and facilitates viral cell-to-cell transfer. Retrovirology 10, 80. 
Maldarelli, F., Chen, M.Y., Willey, R.L., and Strebel, K. (1993). Human 
immunodeficiency virus type 1 Vpu protein is an oligomeric type I integral membrane 
protein. J Virol 67, 5056-5061. 
Malim, M.H., and Emerman, M. (2008). HIV-1 accessory proteins--ensuring viral 
survival in a hostile environment. Cell Host Microbe 3, 388-398. 
Malim, M.H., Hauber, J., Le, S.Y., Maizel, J.V., and Cullen, B.R. (1989). The HIV-1 
rev trans-activator acts through a structured target sequence to activate nuclear export of 
unspliced viral mRNA. Nature 338, 254-257. 




Mangasarian, A., Foti, M., Aiken, C., Chin, D., Carpentier, J.L., and Trono, D. (1997). 
The HIV-1 Nef protein acts as a connector with sorting pathways in the Golgi and at the 
plasma membrane. Immunity 6, 67-77. 
Mangasarian, A., Piguet, V., Wang, J.K., Chen, Y.L., and Trono, D. (1999). Nef-
induced CD4 and major histocompatibility complex class I (MHC-I) down-regulation 
are governed by distinct determinants: N-terminal alpha helix and proline repeat of Nef 
selectively regulate MHC-I trafficking. J Virol 73, 1964-1973. 
Mangeat, B., Gers-Huber, G., Lehmann, M., Zufferey, M., Luban, J., and Piguet, V. 
(2009). HIV-1 Vpu neutralizes the antiviral factor Tetherin/BST-2 by binding it and 
directing its beta-TrCP2-dependent degradation. PLoS Pathog 5, e1000574. 
Mangeat, B., Turelli, P., Caron, G., Friedli, M., Perrin, L., and Trono, D. (2003). Broad 
antiretroviral defence by human APOBEC3G through lethal editing of nascent reverse 
transcripts. Nature 424, 99-103. 
Margottin, F., Bour, S.P., Durand, H., Selig, L., Benichou, S., Richard, V., Thomas, D., 
Strebel, K., and Benarous, R. (1998). A novel human WD protein, h-beta TrCp, that 
interacts with HIV-1 Vpu connects CD4 to the ER degradation pathway through an F-
box motif. Mol Cell 1, 565-574. 
Marini, B., Kertesz-Farkas, A., Ali, H., Lucic, B., Lisek, K., Manganaro, L., Pongor, S., 
Luzzati, R., Recchia, A., Mavilio, F., et al. (2015). Nuclear architecture dictates HIV-1 
integration site selection. Nature 521, 227-231. 
Marshall, H.M., Ronen, K., Berry, C., Llano, M., Sutherland, H., Saenz, D., Bickmore, 
W., Poeschla, E., and Bushman, F.D. (2007). Role of PSIP1/LEDGF/p75 in lentiviral 
infectivity and integration targeting. PLoS One 2, e1340. 
Martin, M., Potente, M., Janssens, V., Vertommen, D., Twizere, J.C., Rider, M.H., 
Goris, J., Dimmeler, S., Kettmann, R., and Dequiedt, F. (2008). Protein phosphatase 2A 
controls the activity of histone deacetylase 7 during T cell apoptosis and angiogenesis. 
Proc Natl Acad Sci U S A 105, 4727-4732. 
Martinelli, R., Gegg, M., Longbottom, R., Adamson, P., Turowski, P., and Greenwood, 
J. (2009). ICAM-1-mediated endothelial nitric oxide synthase activation via calcium 
and AMP-activated protein kinase is required for transendothelial lymphocyte 
migration. Mol Biol Cell 20, 995-1005. 
Mashiba, M., Collins, D.R., Terry, V.H., and Collins, K.L. (2014). Vpr overcomes 
macrophage-specific restriction of HIV-1 Env expression and virion production. Cell 
Host Microbe 16, 722-735. 
Masur, H., Michelis, M.A., Greene, J.B., Onorato, I., Stouwe, R.A., Holzman, R.S., 
Wormser, G., Brettman, L., Lange, M., Murray, H.W., et al. (1981). An outbreak of 
community-acquired Pneumocystis carinii pneumonia: initial manifestation of cellular 
immune dysfunction. The New England journal of medicine 305, 1431-1438. 
Matheson, N.J., Sumner, J., Wals, K., Rapiteanu, R., Weekes, M.P., Vigan, R., Weinelt, 
J., Schindler, M., Antrobus, R., Costa, A.S., et al. (2015). Cell Surface Proteomic Map 
of HIV Infection Reveals Antagonism of Amino Acid Metabolism by Vpu and Nef. 
Cell Host Microbe 18, 409-423. 
Matreyek, K.A., Yucel, S.S., Li, X., and Engelman, A. (2013). Nucleoporin NUP153 
phenylalanine-glycine motifs engage a common binding pocket within the HIV-1 capsid 
protein to mediate lentiviral infectivity. PLoS Pathog 9, e1003693. 




Matusali, G., Potesta, M., Santoni, A., Cerboni, C., and Doria, M. (2012). The human 
immunodeficiency virus type 1 Nef and Vpu proteins downregulate the natural killer 
cell-activating ligand PVR. J Virol 86, 4496-4504. 
McDonald, D., Wu, L., Bohks, S.M., KewalRamani, V.N., Unutmaz, D., and Hope, T.J. 
(2003). Recruitment of HIV and its receptors to dendritic cell-T cell junctions. Science 
(New York, NY) 300, 1295-1297. 
McNatt, M.W., Zang, T., and Bieniasz, P.D. (2013). Vpu binds directly to tetherin and 
displaces it from nascent virions. PLoS Pathog 9, e1003299. 
Mehnert, T., Routh, A., Judge, P.J., Lam, Y.H., Fischer, D., Watts, A., and Fischer, 
W.B. (2008). Biophysical characterization of Vpu from HIV-1 suggests a channel-pore 
dualism. Proteins 70, 1488-1497. 
Melikyan, G.B. (2008). Common principles and intermediates of viral protein-mediated 
fusion: the HIV-1 paradigm. Retrovirology 5, 111. 
Meuwissen, P.J., Stolp, B., Iannucci, V., Vermeire, J., Naessens, E., Saksela, K., Geyer, 
M., Vanham, G., Arien, K.K., Fackler, O.T., et al. (2012). Identification of a highly 
conserved valine-glycine-phenylalanine amino acid triplet required for HIV-1 Nef 
function. Retrovirology 9, 34. 
Michel, N., Allespach, I., Venzke, S., Fackler, O.T., and Keppler, O.T. (2005). The Nef 
protein of human immunodeficiency virus establishes superinfection immunity by a 
dual strategy to downregulate cell-surface CCR5 and CD4. Curr Biol 15, 714-723. 
Michel, N., Ganter, K., Venzke, S., Bitzegeio, J., Fackler, O.T., and Keppler, O.T. 
(2006). The Nef protein of human immunodeficiency virus is a broad-spectrum 
modulator of chemokine receptor cell surface levels that acts independently of classical 
motifs for receptor endocytosis and Galphai signaling. Mol Biol Cell 17, 3578-3590. 
Miguet, L., Pacaud, K., Felden, C., Hugel, B., Martinez, M.C., Freyssinet, J.M., 
Herbrecht, R., Potier, N., van Dorsselaer, A., and Mauvieux, L. (2006). Proteomic 
analysis of malignant lymphocyte membrane microparticles using double ionization 
coverage optimization. Proteomics 6, 153-171. 
Mikell, I., Sather, D.N., Kalams, S.A., Altfeld, M., Alter, G., and Stamatatos, L. (2011). 
Characteristics of the earliest cross-neutralizing antibody response to HIV-1. PLoS 
Pathog 7, e1001251. 
Miller, M.D., Warmerdam, M.T., Gaston, I., Greene, W.C., and Feinberg, M.B. (1994). 
The human immunodeficiency virus-1 nef gene product: a positive factor for viral 
infection and replication in primary lymphocytes and macrophages. The Journal of 
experimental medicine 179, 101-113. 
Mitchell, R.S., Katsura, C., Skasko, M.A., Fitzpatrick, K., Lau, D., Ruiz, A., Stephens, 
E.B., Margottin-Goguet, F., Benarous, R., and Guatelli, J.C. (2009). Vpu antagonizes 
BST-2-mediated restriction of HIV-1 release via beta-TrCP and endo-lysosomal 
trafficking. PLoS Pathog 5, e1000450. 
Mittelbrunn, M., Gutierrez-Vazquez, C., Villarroya-Beltri, C., Gonzalez, S., Sanchez-
Cabo, F., Gonzalez, M.A., Bernad, A., and Sanchez-Madrid, F. (2011). Unidirectional 
transfer of microRNA-loaded exosomes from T cells to antigen-presenting cells. Nature 
communications 2, 282. 




Mittelbrunn, M., and Sanchez-Madrid, F. (2012). Intercellular communication: diverse 
structures for exchange of genetic information. Nature reviews Molecular cell biology 
13, 328-335. 
Miyagi, E., Andrew, A.J., Kao, S., and Strebel, K. (2009). Vpu enhances HIV-1 virus 
release in the absence of Bst-2 cell surface down-modulation and intracellular depletion. 
Proc Natl Acad Sci U S A 106, 2868-2873. 
Miyauchi, K., Kim, Y., Latinovic, O., Morozov, V., and Melikyan, G.B. (2009). HIV 
enters cells via endocytosis and dynamin-dependent fusion with endosomes. Cell 137, 
433-444. 
Moir, S., and Fauci, A.S. (2009). B cells in HIV infection and disease. Nat Rev 
Immunol 9, 235-245. 
Moir, S., Malaspina, A., Ogwaro, K.M., Donoghue, E.T., Hallahan, C.W., Ehler, L.A., 
Liu, S., Adelsberger, J., Lapointe, R., Hwu, P., et al. (2001). HIV-1 induces phenotypic 
and functional perturbations of B cells in chronically infected individuals. Proc Natl 
Acad Sci U S A 98, 10362-10367. 
Moll, M., Andersson, S.K., Smed-Sorensen, A., and Sandberg, J.K. (2010). Inhibition of 
lipid antigen presentation in dendritic cells by HIV-1 Vpu interference with CD1d 
recycling from endosomal compartments. Blood 116, 1876-1884. 
Montresor, A., Bolomini-Vittori, M., Toffali, L., Rossi, B., Constantin, G., and 
Laudanna, C. (2013). JAK tyrosine kinases promote hierarchical activation of Rho and 
Rap modules of integrin activation. J Cell Biol 203, 1003-1019. 
Moskovich, O., and Fishelson, Z. (2007). Live cell imaging of outward and inward 
vesiculation induced by the complement c5b-9 complex. J Biol Chem 282, 29977-
29986. 
Mouquet, H. (2014). Antibody B cell responses in HIV-1 infection. Trends in 
immunology 35, 549-561. 
Mukerji, J., Olivieri, K.C., Misra, V., Agopian, K.A., and Gabuzda, D. (2012). 
Proteomic analysis of HIV-1 Nef cellular binding partners reveals a role for exocyst 
complex proteins in mediating enhancement of intercellular nanotube formation. 
Retrovirology 9, 33. 
Muller, W.A. (2011). Mechanisms of leukocyte transendothelial migration. Annual 
review of pathology 6, 323-344. 
Muller, W.A., and Luscinskas, F.W. (2008). Assays of transendothelial migration in 
vitro. Methods in enzymology 443, 155-176. 
Munch, J., Janardhan, A., Stolte, N., Stahl-Hennig, C., Ten Haaft, P., Heeney, J.L., 
Swigut, T., Kirchhoff, F., and Skowronski, J. (2002). T-cell receptor:CD3 down-
regulation is a selected in vivo function of simian immunodeficiency virus Nef but is 
not sufficient for effective viral replication in rhesus macaques. J Virol 76, 12360-
12364. 
Munch, J., Rajan, D., Schindler, M., Specht, A., Rucker, E., Novembre, F.J., Nerrienet, 
E., Muller-Trutwin, M.C., Peeters, M., Hahn, B.H., et al. (2007). Nef-mediated 
enhancement of virion infectivity and stimulation of viral replication are fundamental 
properties of primate lentiviruses. J Virol 81, 13852-13864. 




Muralidharan-Chari, V., Clancy, J.W., Sedgwick, A., and D'Souza-Schorey, C. (2010). 
Microvesicles: mediators of extracellular communication during cancer progression. J 
Cell Sci 123, 1603-1611. 
Muratori, C., Cavallin, L.E., Kratzel, K., Tinari, A., De Milito, A., Fais, S., D'Aloja, P., 
Federico, M., Vullo, V., Fomina, A., et al. (2009). Massive secretion by T cells is 
caused by HIV Nef in infected cells and by Nef transfer to bystander cells. Cell Host 
Microbe 6, 218-230. 
Murooka, T.T., Deruaz, M., Marangoni, F., Vrbanac, V.D., Seung, E., von Andrian, 
U.H., Tager, A.M., Luster, A.D., and Mempel, T.R. (2012). HIV-infected T cells are 
migratory vehicles for viral dissemination. Nature 490, 283-287. 
Murray, J.M., Kelleher, A.D., and Cooper, D.A. (2011). Timing of the components of 
the HIV life cycle in productively infected CD4+ T cells in a population of HIV-
infected individuals. J Virol 85, 10798-10805. 
Nabel, G., and Baltimore, D. (1987). An inducible transcription factor activates 
expression of human immunodeficiency virus in T cells. Nature 326, 711-713. 
Narayanan, A., Iordanskiy, S., Das, R., Van Duyne, R., Santos, S., Jaworski, E., 
Guendel, I., Sampey, G., Dalby, E., Iglesias-Ussel, M., et al. (2013). Exosomes derived 
from HIV-1-infected cells contain trans-activation response element RNA. J Biol Chem 
288, 20014-20033. 
Naville, M., Warren, I.A., Haftek-Terreau, Z., Chalopin, D., Brunet, F., Levin, P., 
Galiana, D., and Volff, J.N. (2016). Not so bad after all: retroviruses and long terminal 
repeat retrotransposons as a source of new genes in vertebrates. Clinical microbiology 
and infection : the official publication of the European Society of Clinical Microbiology 
and Infectious Diseases 22, 312-323. 
Neil, S.J., Eastman, S.W., Jouvenet, N., and Bieniasz, P.D. (2006). HIV-1 Vpu 
promotes release and prevents endocytosis of nascent retrovirus particles from the 
plasma membrane. PLoS Pathog 2, e39. 
Neil, S.J., Sandrin, V., Sundquist, W.I., and Bieniasz, P.D. (2007). An interferon-alpha-
induced tethering mechanism inhibits HIV-1 and Ebola virus particle release but is 
counteracted by the HIV-1 Vpu protein. Cell Host Microbe 2, 193-203. 
Neil, S.J., Zang, T., and Bieniasz, P.D. (2008). Tetherin inhibits retrovirus release and is 
antagonized by HIV-1 Vpu. Nature 451, 425-430. 
Nickle, D.C., Jensen, M.A., Shriner, D., Brodie, S.J., Frenkel, L.M., Mittler, J.E., and 
Mullins, J.I. (2003). Evolutionary indicators of human immunodeficiency virus type 1 
reservoirs and compartments. J Virol 77, 5540-5546. 
Niederman, T.M., Hastings, W.R., and Ratner, L. (1993). Myristoylation-enhanced 
binding of the HIV-1 Nef protein to T cell skeletal matrix. Virology 197, 420-425. 
Nieto, M., Frade, J.M., Sancho, D., Mellado, M., Martinez, A.C., and Sanchez-Madrid, 
F. (1997). Polarization of chemokine receptors to the leading edge during lymphocyte 
chemotaxis. The Journal of experimental medicine 186, 153-158. 
Nobile, C., Rudnicka, D., Hasan, M., Aulner, N., Porrot, F., Machu, C., Renaud, O., 
Prevost, M.C., Hivroz, C., Schwartz, O., et al. (2010). HIV-1 Nef inhibits ruffles, 
induces filopodia, and modulates migration of infected lymphocytes. J Virol 84, 2282-
2293. 




Nombela-Arrieta, C., Mempel, T.R., Soriano, S.F., Mazo, I., Wymann, M.P., Hirsch, E., 
Martinez, A.C., Fukui, Y., von Andrian, U.H., and Stein, J.V. (2007). A central role for 
DOCK2 during interstitial lymphocyte motility and sphingosine-1-phosphate-mediated 
egress. The Journal of experimental medicine 204, 497-510. 
Nourshargh, S., and Alon, R. (2014). Leukocyte migration into inflamed tissues. 
Immunity 41, 694-707. 
Nourshargh, S., Hordijk, P.L., and Sixt, M. (2010). Breaching multiple barriers: 
leukocyte motility through venular walls and the interstitium. Nature reviews Molecular 
cell biology 11, 366-378. 
Nunn, M.F., and Marsh, J.W. (1996). Human immunodeficiency virus type 1 Nef 
associates with a member of the p21-activated kinase family. J Virol 70, 6157-6161. 
Nydegger, S., Khurana, S., Krementsov, D.N., Foti, M., and Thali, M. (2006). Mapping 
of tetraspanin-enriched microdomains that can function as gateways for HIV-1. J Cell 
Biol 173, 795-807. 
O'Brien, W.A., Hartigan, P.M., Martin, D., Esinhart, J., Hill, A., Benoit, S., Rubin, M., 
Simberkoff, M.S., and Hamilton, J.D. (1996). Changes in plasma HIV-1 RNA and 
CD4+ lymphocyte counts and the risk of progression to AIDS. Veterans Affairs 
Cooperative Study Group on AIDS. The New England journal of medicine 334, 426-
431. 
O'Brien, W.A., Namazi, A., Kalhor, H., Mao, S.H., Zack, J.A., and Chen, I.S. (1994). 
Kinetics of human immunodeficiency virus type 1 reverse transcription in blood 
mononuclear phagocytes are slowed by limitations of nucleotide precursors. J Virol 68, 
1258-1263. 
O'Neill, E., Baugh, L.L., Novitsky, V.A., Essex, M.E., and Garcia, J.V. (2006). Intra- 
and intersubtype alternative Pak2-activating structural motifs of human 
immunodeficiency virus type 1 Nef. J Virol 80, 8824-8829. 
Ocwieja, K.E., Brady, T.L., Ronen, K., Huegel, A., Roth, S.L., Schaller, T., James, 
L.C., Towers, G.J., Young, J.A., Chanda, S.K., et al. (2011). HIV integration targeting: 
a pathway involving Transportin-3 and the nuclear pore protein RanBP2. PLoS Pathog 
7, e1001313. 
Ong, S.T., Freeley, M., Skubis-Zegadlo, J., Fazil, M.H., Kelleher, D., Fresser, F., Baier, 
G., Verma, N.K., and Long, A. (2014). Phosphorylation of Rab5a protein by protein 
kinase C is crucial for T-cell migration. J Biol Chem 289, 19420-19434. 
Orentas, R.J., and Hildreth, J.E. (1993). Association of host cell surface adhesion 
receptors and other membrane proteins with HIV and SIV. AIDS research and human 
retroviruses 9, 1157-1165. 
Orloff, G.M., Orloff, S.L., Kennedy, M.S., Maddon, P.J., and McDougal, J.S. (1991). 
Penetration of CD4 T cells by HIV-1. The CD4 receptor does not internalize with HIV, 
and CD4-related signal transduction events are not required for entry. J Immunol 146, 
2578-2587. 
Ott, D.E. (2008). Cellular proteins detected in HIV-1. Reviews in medical virology 18, 
159-175. 
Pacyniak, E., Gomez, M.L., Gomez, L.M., Mulcahy, E.R., Jackson, M., Hout, D.R., 
Wisdom, B.J., and Stephens, E.B. (2005). Identification of a region within the 
cytoplasmic domain of the subtype B Vpu protein of human immunodeficiency virus 




type 1 (HIV-1) that is responsible for retention in the golgi complex and its absence in 
the Vpu protein from a subtype C HIV-1. AIDS research and human retroviruses 21, 
379-394. 
Padrick, S.B., and Rosen, M.K. (2010). Physical mechanisms of signal integration by 
WASP family proteins. Annual review of biochemistry 79, 707-735. 
Pahl, H.L. (1999). Activators and target genes of Rel/NF-kappaB transcription factors. 
Oncogene 18, 6853-6866. 
Palella, F.J., Jr., Delaney, K.M., Moorman, A.C., Loveless, M.O., Fuhrer, J., Satten, 
G.A., Aschman, D.J., and Holmberg, S.D. (1998). Declining morbidity and mortality 
among patients with advanced human immunodeficiency virus infection. HIV 
Outpatient Study Investigators. The New England journal of medicine 338, 853-860. 
Pan, X., Baldauf, H.M., Keppler, O.T., and Fackler, O.T. (2013a). Restrictions to HIV-1 
replication in resting CD4+ T lymphocytes. Cell Res 23, 876-885. 
Pan, X., Geist, M.M., Rudolph, J.M., Nickel, W., and Fackler, O.T. (2013b). HIV-1 Nef 
disrupts membrane-microdomain-associated anterograde transport for plasma 
membrane delivery of selected Src family kinases. Cell Microbiol 15, 1605-1621. 
Pan, X., Rudolph, J.M., Abraham, L., Habermann, A., Haller, C., Krijnse-Locker, J., 
and Fackler, O.T. (2012). HIV-1 Nef compensates for disorganization of the 
immunological synapse by inducing trans-Golgi network-associated Lck signaling. 
Blood 119, 786-797. 
Pandori, M.W., Fitch, N.J., Craig, H.M., Richman, D.D., Spina, C.A., and Guatelli, J.C. 
(1996). Producer-cell modification of human immunodeficiency virus type 1: Nef is a 
virion protein. J Virol 70, 4283-4290. 
Park, I.W., and He, J.J. (2009). HIV-1 Nef-mediated inhibition of T cell migration and 
its molecular determinants. J Leukoc Biol 86, 1171-1178. 
Parsons, J.T., Horwitz, A.R., and Schwartz, M.A. (2010). Cell adhesion: integrating 
cytoskeletal dynamics and cellular tension. Nature reviews Molecular cell biology 11, 
633-643. 
Passaes, C.P., and Saez-Cirion, A. (2014). HIV cure research: advances and prospects. 
Virology 454-455, 340-352. 
Patterson, S., Gross, J., English, N., Stackpoole, A., Bedford, P., and Knight, S.C. 
(1995). CD4 expression on dendritic cells and their infection by human 
immunodeficiency virus. J Gen Virol 76 ( Pt 5), 1155-1163. 
Pawlak, E.N., and Dikeakos, J.D. (2015). HIV-1 Nef: a master manipulator of the 
membrane trafficking machinery mediating immune evasion. Biochimica et biophysica 
acta 1850, 733-741. 
Peng, B., and Robert-Guroff, M. (2001). Deletion of N-terminal myristoylation site of 
HIV Nef abrogates both MHC-1 and CD4 down-regulation. Immunology letters 78, 
195-200. 
Peng, K., Muranyi, W., Glass, B., Laketa, V., Yant, S.R., Tsai, L., Cihlar, T., Muller, 
B., and Krausslich, H.G. (2014). Quantitative microscopy of functional HIV post-entry 
complexes reveals association of replication with the viral capsid. eLife 3, e04114. 




Perez-Caballero, D., Zang, T., Ebrahimi, A., McNatt, M.W., Gregory, D.A., Johnson, 
M.C., and Bieniasz, P.D. (2009). Tetherin inhibits HIV-1 release by directly tethering 
virions to cells. Cell 139, 499-511. 
Perez-Hernandez, D., Gutierrez-Vazquez, C., Jorge, I., Lopez-Martin, S., Ursa, A., 
Sanchez-Madrid, F., Vazquez, J., and Yanez-Mo, M. (2013). The intracellular 
interactome of tetraspanin-enriched microdomains reveals their function as sorting 
machineries toward exosomes. J Biol Chem 288, 11649-11661. 
Pfau, S., Leitenberg, D., Rinder, H., Smith, B.R., Pardi, R., and Bender, J.R. (1995). 
Lymphocyte adhesion-dependent calcium signaling in human endothelial cells. J Cell 
Biol 128, 969-978. 
Pham, T.N., Lukhele, S., Hajjar, F., Routy, J.P., and Cohen, E.A. (2014). HIV Nef and 
Vpu protect HIV-infected CD4+ T cells from antibody-mediated cell lysis through 
down-modulation of CD4 and BST2. Retrovirology 11, 15. 
Phillipson, M., Heit, B., Parsons, S.A., Petri, B., Mullaly, S.C., Colarusso, P., Gower, 
R.M., Neely, G., Simon, S.I., and Kubes, P. (2009). Vav1 is essential for mechanotactic 
crawling and migration of neutrophils out of the inflamed microvasculature. J Immunol 
182, 6870-6878. 
Pietzsch, J., Gruell, H., Bournazos, S., Donovan, B.M., Klein, F., Diskin, R., Seaman, 
M.S., Bjorkman, P.J., Ravetch, J.V., Ploss, A., et al. (2012). A mouse model for HIV-1 
entry. Proc Natl Acad Sci U S A 109, 15859-15864. 
Piguet, V., Chen, Y.L., Mangasarian, A., Foti, M., Carpentier, J.L., and Trono, D. 
(1998). Mechanism of Nef-induced CD4 endocytosis: Nef connects CD4 with the mu 
chain of adaptor complexes. The EMBO journal 17, 2472-2481. 
Piguet, V., Wan, L., Borel, C., Mangasarian, A., Demaurex, N., Thomas, G., and Trono, 
D. (2000). HIV-1 Nef protein binds to the cellular protein PACS-1 to downregulate 
class I major histocompatibility complexes. Nat Cell Biol 2, 163-167. 
Pileri, P., Uematsu, Y., Campagnoli, S., Galli, G., Falugi, F., Petracca, R., Weiner, A.J., 
Houghton, M., Rosa, D., Grandi, G., et al. (1998). Binding of hepatitis C virus to CD81. 
Science (New York, NY) 282, 938-941. 
Pizzato, M. (2010). MLV glycosylated-Gag is an infectivity factor that rescues Nef-
deficient HIV-1. Proc Natl Acad Sci U S A 107, 9364-9369. 
Pizzato, M., Erlwein, O., Bonsall, D., Kaye, S., Muir, D., and McClure, M.O. (2009). A 
one-step SYBR Green I-based product-enhanced reverse transcriptase assay for the 
quantitation of retroviruses in cell culture supernatants. Journal of virological methods 
156, 1-7. 
Pizzato, M., Helander, A., Popova, E., Calistri, A., Zamborlini, A., Palu, G., and 
Gottlinger, H.G. (2007). Dynamin 2 is required for the enhancement of HIV-1 
infectivity by Nef. Proc Natl Acad Sci U S A 104, 6812-6817. 
Pizzato, M., Popova, E., and Gottlinger, H.G. (2008). Nef can enhance the infectivity of 
receptor-pseudotyped human immunodeficiency virus type 1 particles. J Virol 82, 
10811-10819. 
Platt, E.J., Durnin, J.P., and Kabat, D. (2005). Kinetic factors control efficiencies of cell 
entry, efficacies of entry inhibitors, and mechanisms of adaptation of human 
immunodeficiency virus. J Virol 79, 4347-4356. 




Pober, J.S., and Cotran, R.S. (1990). The role of endothelial cells in inflammation. 
Transplantation 50, 537-544. 
Pober, J.S., and Sessa, W.C. (2007). Evolving functions of endothelial cells in 
inflammation. Nat Rev Immunol 7, 803-815. 
Pollitt, A.Y., and Insall, R.H. (2009). WASP and SCAR/WAVE proteins: the drivers of 
actin assembly. J Cell Sci 122, 2575-2578. 
Pomerantz, R.J., Seshamma, T., and Trono, D. (1992). Efficient replication of human 
immunodeficiency virus type 1 requires a threshold level of Rev: potential implications 
for latency. J Virol 66, 1809-1813. 
Popovic, M., Sarngadharan, M.G., Read, E., and Gallo, R.C. (1984). Detection, 
isolation, and continuous production of cytopathic retroviruses (HTLV-III) from 
patients with AIDS and pre-AIDS. Science (New York, NY) 224, 497-500. 
Pornillos, O., Higginson, D.S., Stray, K.M., Fisher, R.D., Garrus, J.E., Payne, M., He, 
G.P., Wang, H.E., Morham, S.G., and Sundquist, W.I. (2003). HIV Gag mimics the 
Tsg101-recruiting activity of the human Hrs protein. J Cell Biol 162, 425-434. 
Prgomet, Z., Axelsson, L., Lindberg, P., and Andersson, T. (2015). Migration and 
invasion of oral squamous carcinoma cells is promoted by WNT5A, a regulator of 
cancer progression. Journal of oral pathology & medicine : official publication of the 
International Association of Oral Pathologists and the American Academy of Oral 
Pathology 44, 776-784. 
Pujol, F.M., Laketa, V., Schmidt, F., Mukenhirn, M., Muller, B., Boulant, S., Grimm, 
D., Keppler, O.T., and Fackler, O.T. (2016). HIV-1 Vpu Antagonizes CD317/tetherin 
by Adaptor protein-1-Mediated Exclusion from Virus Assembly Sites. J Virol. 
Ramirez, P.W., Famiglietti, M., Sowrirajan, B., DePaula-Silva, A.B., Rodesch, C., 
Barker, E., Bosque, A., and Planelles, V. (2014). Downmodulation of CCR7 by HIV-1 
Vpu results in impaired migration and chemotactic signaling within CD4(+) T cells. 
Cell reports 7, 2019-2030. 
Raposo, G., Nijman, H.W., Stoorvogel, W., Liejendekker, R., Harding, C.V., Melief, 
C.J., and Geuze, H.J. (1996). B lymphocytes secrete antigen-presenting vesicles. The 
Journal of experimental medicine 183, 1161-1172. 
Raposo, G., and Stoorvogel, W. (2013). Extracellular vesicles: exosomes, 
microvesicles, and friends. J Cell Biol 200, 373-383. 
Ratajczak, J., Miekus, K., Kucia, M., Zhang, J., Reca, R., Dvorak, P., and Ratajczak, 
M.Z. (2006a). Embryonic stem cell-derived microvesicles reprogram hematopoietic 
progenitors: evidence for horizontal transfer of mRNA and protein delivery. Leukemia 
20, 847-856. 
Ratajczak, J., Wysoczynski, M., Hayek, F., Janowska-Wieczorek, A., and Ratajczak, 
M.Z. (2006b). Membrane-derived microvesicles: important and underappreciated 
mediators of cell-to-cell communication. Leukemia 20, 1487-1495. 
Ratner, S., Piechocki, M.P., and Galy, A. (2003). Role of Rho-family GTPase Cdc42 in 
polarized expression of lymphocyte appendages. J Leukoc Biol 73, 830-840. 
Rauch, S., Pulkkinen, K., Saksela, K., and Fackler, O.T. (2008). Human 
immunodeficiency virus type 1 Nef recruits the guanine exchange factor Vav1 via an 




unexpected interface into plasma membrane microdomains for association with p21-
activated kinase 2 activity. J Virol 82, 2918-2929. 
Raymond, A.D., Campbell-Sims, T.C., Khan, M., Lang, M., Huang, M.B., Bond, V.C., 
and Powell, M.D. (2011). HIV Type 1 Nef is released from infected cells in CD45(+) 
microvesicles and is present in the plasma of HIV-infected individuals. AIDS research 
and human retroviruses 27, 167-178. 
Re, F., and Luban, J. (1997). HIV-1 Vpr: G2 cell cycle arrest, macrophages and nuclear 
transport. Progress in cell cycle research 3, 21-27. 
Real, E., Faure, S., Donnadieu, E., and Delon, J. (2007). Cutting edge: Atypical PKCs 
regulate T lymphocyte polarity and scanning behavior. J Immunol 179, 5649-5652. 
Reeves, J.D., Gallo, S.A., Ahmad, N., Miamidian, J.L., Harvey, P.E., Sharron, M., 
Pohlmann, S., Sfakianos, J.N., Derdeyn, C.A., Blumenthal, R., et al. (2002). Sensitivity 
of HIV-1 to entry inhibitors correlates with envelope/coreceptor affinity, receptor 
density, and fusion kinetics. Proc Natl Acad Sci U S A 99, 16249-16254. 
Ren, X., Park, S.Y., Bonifacino, J.S., and Hurley, J.H. (2014). How HIV-1 Nef hijacks 
the AP-2 clathrin adaptor to downregulate CD4. eLife 3, e01754. 
Renkema, G.H., Manninen, A., Mann, D.A., Harris, M., and Saksela, K. (1999). 
Identification of the Nef-associated kinase as p21-activated kinase 2. Curr Biol 9, 1407-
1410. 
Resh, M.D. (1999). Fatty acylation of proteins: new insights into membrane targeting of 
myristoylated and palmitoylated proteins. Biochimica et biophysica acta 1451, 1-16. 
Reynolds, L., Ullman, C., Moore, M., Isalan, M., West, M.J., Clapham, P., Klug, A., 
and Choo, Y. (2003). Repression of the HIV-1 5' LTR promoter and inhibition of HIV-1 
replication by using engineered zinc-finger transcription factors. Proc Natl Acad Sci U 
S A 100, 1615-1620. 
Rhee, S.S., and Marsh, J.W. (1994). Human immunodeficiency virus type 1 Nef-
induced down-modulation of CD4 is due to rapid internalization and degradation of 
surface CD4. J Virol 68, 5156-5163. 
Richman, D.D., Margolis, D.M., Delaney, M., Greene, W.C., Hazuda, D., and 
Pomerantz, R.J. (2009). The challenge of finding a cure for HIV infection. Science 
(New York, NY) 323, 1304-1307. 
Ridley, A.J., Schwartz, M.A., Burridge, K., Firtel, R.A., Ginsberg, M.H., Borisy, G., 
Parsons, J.T., and Horwitz, A.R. (2003). Cell migration: integrating signals from front 
to back. Science (New York, NY) 302, 1704-1709. 
Roeth, J.F., and Collins, K.L. (2006). Human immunodeficiency virus type 1 Nef: 
adapting to intracellular trafficking pathways. Microbiology and molecular biology 
reviews : MMBR 70, 548-563. 
Roeth, J.F., Williams, M., Kasper, M.R., Filzen, T.M., and Collins, K.L. (2004). HIV-1 
Nef disrupts MHC-I trafficking by recruiting AP-1 to the MHC-I cytoplasmic tail. J 
Cell Biol 167, 903-913. 
Rolland, M., Edlefsen, P.T., Larsen, B.B., Tovanabutra, S., Sanders-Buell, E., Hertz, T., 
deCamp, A.C., Carrico, C., Menis, S., Magaret, C.A., et al. (2012). Increased HIV-1 
vaccine efficacy against viruses with genetic signatures in Env V2. Nature 490, 417-
420. 




Romanova, L.Y., Holmes, G., Bahte, S.K., Kovalchuk, A.L., Nelson, P.J., Ward, Y., 
Gueler, F., and Mushinski, J.F. (2010). Phosphorylation of paxillin at threonine 538 by 
PKCdelta regulates LFA1-mediated adhesion of lymphoid cells. J Cell Sci 123, 1567-
1577. 
Rosa, A., Chande, A., Ziglio, S., De Sanctis, V., Bertorelli, R., Goh, S.L., McCauley, 
S.M., Nowosielska, A., Antonarakis, S.E., Luban, J., et al. (2015). HIV-1 Nef promotes 
infection by excluding SERINC5 from virion incorporation. Nature 526, 212-217. 
Rosenberg, N., and Jolicoeur, P. (1997). Retroviral Pathogenesis. In Retroviruses, J.M. 
Coffin, S.H. Hughes, and H.E. Varmus, eds. (Cold Spring Harbor (NY): Cold Spring 
Harbor Laboratory Press 
Cold Spring Harbor Laboratory Press.). 
Ross, T.M., Oran, A.E., and Cullen, B.R. (1999). Inhibition of HIV-1 progeny virion 
release by cell-surface CD4 is relieved by expression of the viral Nef protein. Curr Biol 
9, 613-621. 
Rot, A., and von Andrian, U.H. (2004). Chemokines in innate and adaptive host 
defense: basic chemokinese grammar for immune cells. Annual review of immunology 
22, 891-928. 
Rowland-Jones, S., Sutton, J., Ariyoshi, K., Dong, T., Gotch, F., McAdam, S., Whitby, 
D., Sabally, S., Gallimore, A., Corrah, T., et al. (1995). HIV-specific cytotoxic T-cells 
in HIV-exposed but uninfected Gambian women. Nat Med 1, 59-64. 
Rudolph, J.M., Eickel, N., Haller, C., Schindler, M., and Fackler, O.T. (2009). 
Inhibition of T-cell receptor-induced actin remodeling and relocalization of Lck are 
evolutionarily conserved activities of lentiviral Nef proteins. J Virol 83, 11528-11539. 
Ruff, C.T., Ray, S.C., Kwon, P., Zinn, R., Pendleton, A., Hutton, N., Ashworth, R., 
Gange, S., Quinn, T.C., Siliciano, R.F., et al. (2002). Persistence of wild-type virus and 
lack of temporal structure in the latent reservoir for human immunodeficiency virus type 
1 in pediatric patients with extensive antiretroviral exposure. J Virol 76, 9481-9492. 
Saez-Cirion, A., Bacchus, C., Hocqueloux, L., Avettand-Fenoel, V., Girault, I., 
Lecuroux, C., Potard, V., Versmisse, P., Melard, A., Prazuck, T., et al. (2013). Post-
treatment HIV-1 controllers with a long-term virological remission after the interruption 
of early initiated antiretroviral therapy ANRS VISCONTI Study. PLoS Pathog 9, 
e1003211. 
Sakai, H., Tokunaga, K., Kawamura, M., and Adachi, A. (1995). Function of human 
immunodeficiency virus type 1 Vpu protein in various cell types. J Gen Virol 76 ( Pt 
11), 2717-2722. 
Saksela, K. (2011). Interactions of the HIV/SIV pathogenicity factor Nef with SH3 
domain-containing host cell proteins. Current HIV research 9, 531-542. 
Saksela, K., Cheng, G., and Baltimore, D. (1995). Proline-rich (PxxP) motifs in HIV-1 
Nef bind to SH3 domains of a subset of Src kinases and are required for the enhanced 
growth of Nef+ viruses but not for down-regulation of CD4. The EMBO journal 14, 
484-491. 
Samstag, Y., Eibert, S.M., Klemke, M., and Wabnitz, G.H. (2003). Actin cytoskeletal 
dynamics in T lymphocyte activation and migration. J Leukoc Biol 73, 30-48. 




Sanchez-Madrid, F., and del Pozo, M.A. (1999). Leukocyte polarization in cell 
migration and immune interactions. The EMBO journal 18, 501-511. 
Sandrin, V., and Cosset, F.L. (2006). Intracellular versus cell surface assembly of 
retroviral pseudotypes is determined by the cellular localization of the viral 
glycoprotein, its capacity to interact with Gag, and the expression of the Nef protein. J 
Biol Chem 281, 528-542. 
Santoro, M.M., and Perno, C.F. (2013). HIV-1 Genetic Variability and Clinical 
Implications. ISRN microbiology 2013, 481314. 
Saphire, A.C., Bobardt, M.D., Zhang, Z., David, G., and Gallay, P.A. (2001). 
Syndecans serve as attachment receptors for human immunodeficiency virus type 1 on 
macrophages. J Virol 75, 9187-9200. 
Sato, K., Misawa, N., Fukuhara, M., Iwami, S., An, D.S., Ito, M., and Koyanagi, Y. 
(2012). Vpu augments the initial burst phase of HIV-1 propagation and downregulates 
BST2 and CD4 in humanized mice. J Virol 86, 5000-5013. 
Sauter, D., Hotter, D., Van Driessche, B., Sturzel, C.M., Kluge, S.F., Wildum, S., Yu, 
H., Baumann, B., Wirth, T., Plantier, J.C., et al. (2015). Differential regulation of NF-
kappaB-mediated proviral and antiviral host gene expression by primate lentiviral Nef 
and Vpu proteins. Cell reports 10, 586-599. 
Sauter, D., and Kirchhoff, F. (2016). HIV replication: a game of hide and sense. Current 
opinion in HIV and AIDS 11, 173-181. 
Sauter, D., Schindler, M., Specht, A., Landford, W.N., Munch, J., Kim, K.A., Votteler, 
J., Schubert, U., Bibollet-Ruche, F., Keele, B.F., et al. (2009). Tetherin-driven 
adaptation of Vpu and Nef function and the evolution of pandemic and nonpandemic 
HIV-1 strains. Cell Host Microbe 6, 409-421. 
Sawai, E.T., Baur, A., Struble, H., Peterlin, B.M., Levy, J.A., and Cheng-Mayer, C. 
(1994). Human immunodeficiency virus type 1 Nef associates with a cellular serine 
kinase in T lymphocytes. Proc Natl Acad Sci U S A 91, 1539-1543. 
Scully, E., and Alter, G. (2016). NK Cells in HIV Disease. Current HIV/AIDS reports 
13, 85-94. 
Schaller, T., Ocwieja, K.E., Rasaiyaah, J., Price, A.J., Brady, T.L., Roth, S.L., Hue, S., 
Fletcher, A.J., Lee, K., KewalRamani, V.N., et al. (2011). HIV-1 capsid-cyclophilin 
interactions determine nuclear import pathway, integration targeting and replication 
efficiency. PLoS Pathog 7, e1002439. 
Schindler, M., Munch, J., Kutsch, O., Li, H., Santiago, M.L., Bibollet-Ruche, F., 
Muller-Trutwin, M.C., Novembre, F.J., Peeters, M., Courgnaud, V., et al. (2006). Nef-
mediated suppression of T cell activation was lost in a lentiviral lineage that gave rise to 
HIV-1. Cell 125, 1055-1067. 
Schmidt, S., Fritz, J.V., Bitzegeio, J., Fackler, O.T., and Keppler, O.T. (2011). HIV-1 
Vpu blocks recycling and biosynthetic transport of the intrinsic immunity factor 
CD317/tetherin to overcome the virion release restriction. MBio 2, e00036-00011. 
Schorey, J.S., and Bhatnagar, S. (2008). Exosome function: from tumor immunology to 
pathogen biology. Traffic (Copenhagen, Denmark) 9, 871-881. 
Schorey, J.S., Cheng, Y., Singh, P.P., and Smith, V.L. (2015). Exosomes and other 
extracellular vesicles in host-pathogen interactions. EMBO Rep 16, 24-43. 




Schrager, J.A., Der Minassian, V., and Marsh, J.W. (2002). HIV Nef increases T cell 
ERK MAP kinase activity. J Biol Chem 277, 6137-6142. 
Schrager, J.A., and Marsh, J.W. (1999). HIV-1 Nef increases T cell activation in a 
stimulus-dependent manner. Proc Natl Acad Sci U S A 96, 8167-8172. 
Schroder, A.R., Shinn, P., Chen, H., Berry, C., Ecker, J.R., and Bushman, F. (2002). 
HIV-1 integration in the human genome favors active genes and local hotspots. Cell 
110, 521-529. 
Schubert, U., Anton, L.C., Bacik, I., Cox, J.H., Bour, S., Bennink, J.R., Orlowski, M., 
Strebel, K., and Yewdell, J.W. (1998). CD4 glycoprotein degradation induced by 
human immunodeficiency virus type 1 Vpu protein requires the function of proteasomes 
and the ubiquitin-conjugating pathway. J Virol 72, 2280-2288. 
Schubert, U., Ferrer-Montiel, A.V., Oblatt-Montal, M., Henklein, P., Strebel, K., and 
Montal, M. (1996). Identification of an ion channel activity of the Vpu transmembrane 
domain and its involvement in the regulation of virus release from HIV-1-infected cells. 
FEBS Lett 398, 12-18. 
Schubert, U., Henklein, P., Boldyreff, B., Wingender, E., Strebel, K., and Porstmann, T. 
(1994). The human immunodeficiency virus type 1 encoded Vpu protein is 
phosphorylated by casein kinase-2 (CK-2) at positions Ser52 and Ser56 within a 
predicted alpha-helix-turn-alpha-helix-motif. Journal of molecular biology 236, 16-25. 
Schubert, U., and Strebel, K. (1994). Differential activities of the human 
immunodeficiency virus type 1-encoded Vpu protein are regulated by phosphorylation 
and occur in different cellular compartments. J Virol 68, 2260-2271. 
Schur, F.K., Hagen, W.J., Rumlova, M., Ruml, T., Muller, B., Krausslich, H.G., and 
Briggs, J.A. (2015). Structure of the immature HIV-1 capsid in intact virus particles at 
8.8 A resolution. Nature 517, 505-508. 
Schwartz, O., Dautry-Varsat, A., Goud, B., Marechal, V., Subtil, A., Heard, J.M., and 
Danos, O. (1995a). Human immunodeficiency virus type 1 Nef induces accumulation of 
CD4 in early endosomes. J Virol 69, 528-533. 
Schwartz, O., Marechal, V., Danos, O., and Heard, J.M. (1995b). Human 
immunodeficiency virus type 1 Nef increases the efficiency of reverse transcription in 
the infected cell. J Virol 69, 4053-4059. 
Schwartz, O., Marechal, V., Le Gall, S., Lemonnier, F., and Heard, J.M. (1996). 
Endocytosis of major histocompatibility complex class I molecules is induced by the 
HIV-1 Nef protein. Nat Med 2, 338-342. 
Schwartz, S., Felber, B.K., Fenyo, E.M., and Pavlakis, G.N. (1990). Env and Vpu 
proteins of human immunodeficiency virus type 1 are produced from multiple 
bicistronic mRNAs. J Virol 64, 5448-5456. 
Seelamgari, A., Maddukuri, A., Berro, R., de la Fuente, C., Kehn, K., Deng, L., Dadgar, 
S., Bottazzi, M.E., Ghedin, E., Pumfery, A., et al. (2004). Role of viral regulatory and 
accessory proteins in HIV-1 replication. Frontiers in bioscience : a journal and virtual 
library 9, 2388-2413. 
Seifarth, W., Frank, O., Zeilfelder, U., Spiess, B., Greenwood, A.D., Hehlmann, R., and 
Leib-Mosch, C. (2005). Comprehensive analysis of human endogenous retrovirus 
transcriptional activity in human tissues with a retrovirus-specific microarray. J Virol 
79, 341-352. 




Serrador, J.M., Alonso-Lebrero, J.L., del Pozo, M.A., Furthmayr, H., Schwartz-Albiez, 
R., Calvo, J., Lozano, F., and Sanchez-Madrid, F. (1997). Moesin interacts with the 
cytoplasmic region of intercellular adhesion molecule-3 and is redistributed to the 
uropod of T lymphocytes during cell polarization. J Cell Biol 138, 1409-1423. 
Serrador, J.M., Nieto, M., and Sanchez-Madrid, F. (1999). Cytoskeletal rearrangement 
during migration and activation of T lymphocytes. Trends in cell biology 9, 228-233. 
Shah, A.H., Sowrirajan, B., Davis, Z.B., Ward, J.P., Campbell, E.M., Planelles, V., and 
Barker, E. (2010). Degranulation of natural killer cells following interaction with HIV-
1-infected cells is hindered by downmodulation of NTB-A by Vpu. Cell Host Microbe 
8, 397-409. 
Shahabi, N.A., McAllen, K., and Sharp, B.M. (2008). Stromal cell-derived factor 1-
alpha (SDF)-induced human T cell chemotaxis becomes phosphoinositide 3-kinase 
(PI3K)-independent: role of PKC-theta. J Leukoc Biol 83, 663-671. 
Shamri, R., Grabovsky, V., Gauguet, J.M., Feigelson, S., Manevich, E., Kolanus, W., 
Robinson, M.K., Staunton, D.E., von Andrian, U.H., and Alon, R. (2005). Lymphocyte 
arrest requires instantaneous induction of an extended LFA-1 conformation mediated by 
endothelium-bound chemokines. Nature immunology 6, 497-506. 
Shan, L., Deng, K., Shroff, N.S., Durand, C.M., Rabi, S.A., Yang, H.C., Zhang, H., 
Margolick, J.B., Blankson, J.N., and Siliciano, R.F. (2012). Stimulation of HIV-1-
specific cytolytic T lymphocytes facilitates elimination of latent viral reservoir after 
virus reactivation. Immunity 36, 491-501. 
Sharp, P.M., and Hahn, B.H. (2011). Origins of HIV and the AIDS pandemic. Cold 
Spring Harbor perspectives in medicine 1, a006841. 
Sheehy, A.M., Gaddis, N.C., Choi, J.D., and Malim, M.H. (2002). Isolation of a human 
gene that inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature 
418, 646-650. 
Shelton, M.N., Huang, M.B., Ali, S.A., Powell, M.D., and Bond, V.C. (2012). Secretion 
modification region-derived peptide disrupts HIV-1 Nef's interaction with mortalin and 
blocks virus and Nef exosome release. J Virol 86, 406-419. 
Shirai, A., Cosentino, M., Leitman-Klinman, S.F., and Klinman, D.M. (1992). Human 
immunodeficiency virus infection induces both polyclonal and virus-specific B cell 
activation. The Journal of clinical investigation 89, 561-566. 
Shulman, Z., Pasvolsky, R., Woolf, E., Grabovsky, V., Feigelson, S.W., Erez, N., 
Fukui, Y., and Alon, R. (2006). DOCK2 regulates chemokine-triggered lateral 
lymphocyte motility but not transendothelial migration. Blood 108, 2150-2158. 
Shulman, Z., Shinder, V., Klein, E., Grabovsky, V., Yeger, O., Geron, E., Montresor, 
A., Bolomini-Vittori, M., Feigelson, S.W., Kirchhausen, T., et al. (2009). Lymphocyte 
crawling and transendothelial migration require chemokine triggering of high-affinity 
LFA-1 integrin. Immunity 30, 384-396. 
Shun, M.C., Raghavendra, N.K., Vandegraaff, N., Daigle, J.E., Hughes, S., Kellam, P., 
Cherepanov, P., and Engelman, A. (2007). LEDGF/p75 functions downstream from 
preintegration complex formation to effect gene-specific HIV-1 integration. Genes Dev 
21, 1767-1778. 
Siliciano, J.D., Kajdas, J., Finzi, D., Quinn, T.C., Chadwick, K., Margolick, J.B., 
Kovacs, C., Gange, S.J., and Siliciano, R.F. (2003). Long-term follow-up studies 




confirm the stability of the latent reservoir for HIV-1 in resting CD4+ T cells. Nat Med 
9, 727-728. 
Simmons, A., Aluvihare, V., and McMichael, A. (2001). Nef triggers a transcriptional 
program in T cells imitating single-signal T cell activation and inducing HIV virulence 
mediators. Immunity 14, 763-777. 
Simon, V., Bloch, N., and Landau, N.R. (2015). Intrinsic host restrictions to HIV-1 and 
mechanisms of viral escape. Nature immunology 16, 546-553. 
Skasko, M., Tokarev, A., Chen, C.C., Fischer, W.B., Pillai, S.K., and Guatelli, J. 
(2011). BST-2 is rapidly down-regulated from the cell surface by the HIV-1 protein 
Vpu: evidence for a post-ER mechanism of Vpu-action. Virology 411, 65-77. 
Skasko, M., Wang, Y., Tian, Y., Tokarev, A., Munguia, J., Ruiz, A., Stephens, E.B., 
Opella, S.J., and Guatelli, J. (2012). HIV-1 Vpu protein antagonizes innate restriction 
factor BST-2 via lipid-embedded helix-helix interactions. J Biol Chem 287, 58-67. 
Sloan, R.D., Donahue, D.A., Kuhl, B.D., Bar-Magen, T., and Wainberg, M.A. (2010). 
Expression of Nef from unintegrated HIV-1 DNA downregulates cell surface CXCR4 
and CCR5 on T-lymphocytes. Retrovirology 7, 44. 
Sloan, R.D., Kuhl, B.D., Donahue, D.A., Roland, A., Bar-Magen, T., and Wainberg, 
M.A. (2011). Transcription of preintegrated HIV-1 cDNA modulates cell surface 
expression of major histocompatibility complex class I via Nef. J Virol 85, 2828-2836. 
Smalls-Mantey, A., Connors, M., and Sattentau, Q.J. (2013). Comparative efficiency of 
HIV-1-infected T cell killing by NK cells, monocytes and neutrophils. PLoS One 8, 
e74858. 
Sodroski, J., Goh, W.C., Rosen, C., Dayton, A., Terwilliger, E., and Haseltine, W. 
(1986). A second post-transcriptional trans-activator gene required for HTLV-III 
replication. Nature 321, 412-417. 
Sperandio, M., Smith, M.L., Forlow, S.B., Olson, T.S., Xia, L., McEver, R.P., and Ley, 
K. (2003). P-selectin glycoprotein ligand-1 mediates L-selectin-dependent leukocyte 
rolling in venules. The Journal of experimental medicine 197, 1355-1363. 
Spina, C.A., Kwoh, T.J., Chowers, M.Y., Guatelli, J.C., and Richman, D.D. (1994). The 
importance of nef in the induction of human immunodeficiency virus type 1 replication 
from primary quiescent CD4 lymphocytes. The Journal of experimental medicine 179, 
115-123. 
Stacey, A.R., Norris, P.J., Qin, L., Haygreen, E.A., Taylor, E., Heitman, J., Lebedeva, 
M., DeCamp, A., Li, D., Grove, D., et al. (2009). Induction of a striking systemic 
cytokine cascade prior to peak viremia in acute human immunodeficiency virus type 1 
infection, in contrast to more modest and delayed responses in acute hepatitis B and C 
virus infections. J Virol 83, 3719-3733. 
Stark, K., Eckart, A., Haidari, S., Tirniceriu, A., Lorenz, M., von Bruhl, M.L., Gartner, 
F., Khandoga, A.G., Legate, K.R., Pless, R., et al. (2013). Capillary and arteriolar 
pericytes attract innate leukocytes exiting through venules and 'instruct' them with 
pattern-recognition and motility programs. Nature immunology 14, 41-51. 
Stein, B.S., Gowda, S.D., Lifson, J.D., Penhallow, R.C., Bensch, K.G., and Engleman, 
E.G. (1987). pH-independent HIV entry into CD4-positive T cells via virus envelope 
fusion to the plasma membrane. Cell 49, 659-668. 




Stein, J.V., Cheng, G., Stockton, B.M., Fors, B.P., Butcher, E.C., and von Andrian, 
U.H. (1999). L-selectin-mediated leukocyte adhesion in vivo: microvillous distribution 
determines tethering efficiency, but not rolling velocity. The Journal of experimental 
medicine 189, 37-50. 
Stevenson, M. (2003). HIV-1 pathogenesis. Nat Med 9, 853-860. 
Stevenson, M., Stanwick, T.L., Dempsey, M.P., and Lamonica, C.A. (1990). HIV-1 
replication is controlled at the level of T cell activation and proviral integration. The 
EMBO journal 9, 1551-1560. 
Stolp, B., Abraham, L., Rudolph, J.M., and Fackler, O.T. (2010). Lentiviral Nef 
proteins utilize PAK2-mediated deregulation of cofilin as a general strategy to interfere 
with actin remodeling. J Virol 84, 3935-3948. 
Stolp, B., and Fackler, O.T. (2011). How HIV takes advantage of the cytoskeleton in 
entry and replication. Viruses 3, 293-311. 
Stolp, B., Imle, A., Coelho, F.M., Hons, M., Gorina, R., Lyck, R., Stein, J.V., and 
Fackler, O.T. (2012). HIV-1 Nef interferes with T-lymphocyte circulation through 
confined environments in vivo. Proc Natl Acad Sci U S A 109, 18541-18546. 
Stolp, B., Reichman-Fried, M., Abraham, L., Pan, X., Giese, S.I., Hannemann, S., 
Goulimari, P., Raz, E., Grosse, R., and Fackler, O.T. (2009). HIV-1 Nef interferes with 
host cell motility by deregulation of Cofilin. Cell Host Microbe 6, 174-186. 
Stossel, T.P. (1993). On the crawling of animal cells. Science (New York, NY) 260, 
1086-1094. 
Strebel, K., Klimkait, T., Maldarelli, F., and Martin, M.A. (1989). Molecular and 
biochemical analyses of human immunodeficiency virus type 1 vpu protein. J Virol 63, 
3784-3791. 
Strebel, K., Klimkait, T., and Martin, M.A. (1988). A novel gene of HIV-1, vpu, and its 
16-kilodalton product. Science (New York, NY) 241, 1221-1223. 
Stremlau, M., Owens, C.M., Perron, M.J., Kiessling, M., Autissier, P., and Sodroski, J. 
(2004). The cytoplasmic body component TRIM5alpha restricts HIV-1 infection in Old 
World monkeys. Nature 427, 848-853. 
Sugden, S.M., Bego, M.G., Pham, T.N., and Cohen, E.A. (2016). Remodeling of the 
Host Cell Plasma Membrane by HIV-1 Nef and Vpu: A Strategy to Ensure Viral Fitness 
and Persistence. Viruses 8. 
Sundquist, W.I., and Krausslich, H.G. (2012). HIV-1 assembly, budding, and 
maturation. Cold Spring Harbor perspectives in medicine 2, a006924. 
Sutkowski, N., Conrad, B., Thorley-Lawson, D.A., and Huber, B.T. (2001). Epstein-
Barr virus transactivates the human endogenous retrovirus HERV-K18 that encodes a 
superantigen. Immunity 15, 579-589. 
Symeonides, M., Lambele, M., Roy, N.H., and Thali, M. (2014). Evidence showing that 
tetraspanins inhibit HIV-1-induced cell-cell fusion at a post-hemifusion stage. Viruses 
6, 1078-1090. 
Takeda, Y., Tachibana, I., Miyado, K., Kobayashi, M., Miyazaki, T., Funakoshi, T., 
Kimura, H., Yamane, H., Saito, Y., Goto, H., et al. (2003). Tetraspanins CD9 and CD81 
function to prevent the fusion of mononuclear phagocytes. J Cell Biol 161, 945-956. 




Takehisa, J., Kraus, M.H., Ayouba, A., Bailes, E., Van Heuverswyn, F., Decker, J.M., 
Li, Y., Rudicell, R.S., Learn, G.H., Neel, C., et al. (2009). Origin and biology of simian 
immunodeficiency virus in wild-living western gorillas. J Virol 83, 1635-1648. 
Tang, C., Loeliger, E., Luncsford, P., Kinde, I., Beckett, D., and Summers, M.F. (2004). 
Entropic switch regulates myristate exposure in the HIV-1 matrix protein. Proc Natl 
Acad Sci U S A 101, 517-522. 
Tarrant, J.M., Robb, L., van Spriel, A.B., and Wright, M.D. (2003). Tetraspanins: 
molecular organisers of the leukocyte surface. Trends in immunology 24, 610-617. 
Temin, H.M., and Mizutani, S. (1970). RNA-dependent DNA polymerase in virions of 
Rous sarcoma virus. Nature 226, 1211-1213. 
Tervo, H.M., Homann, S., Ambiel, I., Fritz, J.V., Fackler, O.T., and Keppler, O.T. 
(2011). beta-TrCP is dispensable for Vpu's ability to overcome the CD317/Tetherin-
imposed restriction to HIV-1 release. Retrovirology 8, 9. 
Terwilliger, E., Sodroski, J.G., Rosen, C.A., and Haseltine, W.A. (1986). Effects of 
mutations within the 3' orf open reading frame region of human T-cell lymphotropic 
virus type III (HTLV-III/LAV) on replication and cytopathogenicity. J Virol 60, 754-
760. 
Terwilliger, E.F., Cohen, E.A., Lu, Y.C., Sodroski, J.G., and Haseltine, W.A. (1989). 
Functional role of human immunodeficiency virus type 1 vpu. Proc Natl Acad Sci U S 
A 86, 5163-5167. 
Thery, C., Amigorena, S., Raposo, G., and Clayton, A. (2006). Isolation and 
characterization of exosomes from cell culture supernatants and biological fluids. 
Current protocols in cell biology / editorial board, Juan S Bonifacino  [et al] Chapter 3, 
Unit 3.22. 
Thery, C., Regnault, A., Garin, J., Wolfers, J., Zitvogel, L., Ricciardi-Castagnoli, P., 
Raposo, G., and Amigorena, S. (1999). Molecular characterization of dendritic cell-
derived exosomes. Selective accumulation of the heat shock protein hsc73. J Cell Biol 
147, 599-610. 
Thery, C., Zitvogel, L., and Amigorena, S. (2002). Exosomes: composition, biogenesis 
and function. Nat Rev Immunol 2, 569-579. 
Thoulouze, M.I., Sol-Foulon, N., Blanchet, F., Dautry-Varsat, A., Schwartz, O., and 
Alcover, A. (2006). Human immunodeficiency virus type-1 infection impairs the 
formation of the immunological synapse. Immunity 24, 547-561. 
Tokarev, A., Suarez, M., Kwan, W., Fitzpatrick, K., Singh, R., and Guatelli, J. (2013). 
Stimulation of NF-kappaB activity by the HIV restriction factor BST2. J Virol 87, 
2046-2057. 
Tokarev, A.A., Munguia, J., and Guatelli, J.C. (2011). Serine-threonine ubiquitination 
mediates downregulation of BST-2/tetherin and relief of restricted virion release by 
HIV-1 Vpu. J Virol 85, 51-63. 
Tomaras, G.D., Lacey, S.F., McDanal, C.B., Ferrari, G., Weinhold, K.J., and 
Greenberg, M.L. (2000). CD8+ T cell-mediated suppressive activity inhibits HIV-1 
after virus entry with kinetics indicating effects on virus gene expression. Proc Natl 
Acad Sci U S A 97, 3503-3508. 




Tomiyama, H., Akari, H., Adachi, A., and Takiguchi, M. (2002). Different effects of 
Nef-mediated HLA class I down-regulation on human immunodeficiency virus type 1-
specific CD8(+) T-cell cytolytic activity and cytokine production. J Virol 76, 7535-
7543. 
Tsukita, S., and Yonemura, S. (1999). Cortical actin organization: lessons from ERM 
(ezrin/radixin/moesin) proteins. J Biol Chem 274, 34507-34510. 
Usami, Y., Wu, Y., and Gottlinger, H.G. (2015). SERINC3 and SERINC5 restrict HIV-
1 infectivity and are counteracted by Nef. Nature 526, 218-223. 
Valadi, H., Ekstrom, K., Bossios, A., Sjostrand, M., Lee, J.J., and Lotvall, J.O. (2007). 
Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of 
genetic exchange between cells. Nat Cell Biol 9, 654-659. 
Van Damme, N., Goff, D., Katsura, C., Jorgenson, R.L., Mitchell, R., Johnson, M.C., 
Stephens, E.B., and Guatelli, J. (2008). The interferon-induced protein BST-2 restricts 
HIV-1 release and is downregulated from the cell surface by the viral Vpu protein. Cell 
Host Microbe 3, 245-252. 
van der Kuyl, A.C. (2012). HIV infection and HERV expression: a review. 
Retrovirology 9, 6. 
Van Heuverswyn, F., Li, Y., Neel, C., Bailes, E., Keele, B.F., Liu, W., Loul, S., Butel, 
C., Liegeois, F., Bienvenue, Y., et al. (2006). Human immunodeficiency viruses: SIV 
infection in wild gorillas. Nature 444, 164. 
Van Heuverswyn, F., and Peeters, M. (2007). The origins of HIV and implications for 
the global epidemic. Current infectious disease reports 9, 338-346. 
Vassena, L., Giuliani, E., Koppensteiner, H., Bolduan, S., Schindler, M., and Doria, M. 
(2015). HIV-1 Nef and Vpu Interfere with L-Selectin (CD62L) Cell Surface Expression 
To Inhibit Adhesion and Signaling in Infected CD4+ T Lymphocytes. J Virol 89, 5687-
5700. 
Veillette, M., Desormeaux, A., Medjahed, H., Gharsallah, N.E., Coutu, M., Baalwa, J., 
Guan, Y., Lewis, G., Ferrari, G., Hahn, B.H., et al. (2014). Interaction with cellular 
CD4 exposes HIV-1 envelope epitopes targeted by antibody-dependent cell-mediated 
cytotoxicity. J Virol 88, 2633-2644. 
Venkatesh, S., and Bieniasz, P.D. (2013). Mechanism of HIV-1 virion entrapment by 
tetherin. PLoS Pathog 9, e1003483. 
Venzke, S., Michel, N., Allespach, I., Fackler, O.T., and Keppler, O.T. (2006). 
Expression of Nef downregulates CXCR4, the major coreceptor of human 
immunodeficiency virus, from the surfaces of target cells and thereby enhances 
resistance to superinfection. J Virol 80, 11141-11152. 
Vermeire, J., Naessens, E., Vanderstraeten, H., Landi, A., Iannucci, V., Van Nuffel, A., 
Taghon, T., Pizzato, M., and Verhasselt, B. (2012). Quantification of reverse 
transcriptase activity by real-time PCR as a fast and accurate method for titration of 
HIV, lenti- and retroviral vectors. PLoS One 7, e50859. 
Verollet, C., Souriant, S., Bonnaud, E., Jolicoeur, P., Raynaud-Messina, B., Kinnaer, C., 
Fourquaux, I., Imle, A., Benichou, S., Fackler, O.T., et al. (2015). HIV-1 reprograms 
the migration of macrophages. Blood 125, 1611-1622. 




Vicente-Manzanares, M., and Sanchez-Madrid, F. (2004). Role of the cytoskeleton 
during leukocyte responses. Nat Rev Immunol 4, 110-122. 
Vigan, R., and Neil, S.J. (2010). Determinants of tetherin antagonism in the 
transmembrane domain of the human immunodeficiency virus type 1 Vpu protein. J 
Virol 84, 12958-12970. 
Vincendeau, M., Gottesdorfer, I., Schreml, J.M., Wetie, A.G., Mayer, J., Greenwood, 
A.D., Helfer, M., Kramer, S., Seifarth, W., Hadian, K., et al. (2015). Modulation of 
human endogenous retrovirus (HERV) transcription during persistent and de novo HIV-
1 infection. Retrovirology 12, 27. 
Vittinghoff, E., Scheer, S., O'Malley, P., Colfax, G., Holmberg, S.D., and Buchbinder, 
S.P. (1999). Combination antiretroviral therapy and recent declines in AIDS incidence 
and mortality. The Journal of infectious diseases 179, 717-720. 
Vlassov, A.V., Magdaleno, S., Setterquist, R., and Conrad, R. (2012). Exosomes: 
current knowledge of their composition, biological functions, and diagnostic and 
therapeutic potentials. Biochimica et biophysica acta 1820, 940-948. 
Vogt, P.K. (1997). Historical Introduction to the General Properties of Retroviruses. In 
Retroviruses, J.M. Coffin, S.H. Hughes, and H.E. Varmus, eds. (Cold Spring Harbor 
(NY): Cold Spring Harbor Laboratory Press). 
Volkov, Y., Long, A., and Kelleher, D. (1998). Inside the crawling T cell: leukocyte 
function-associated antigen-1 cross-linking is associated with microtubule-directed 
translocation of protein kinase C isoenzymes beta(I) and delta. J Immunol 161, 6487-
6495. 
Volkov, Y., Long, A., McGrath, S., Ni Eidhin, D., and Kelleher, D. (2001). Crucial 
importance of PKC-beta(I) in LFA-1-mediated locomotion of activated T cells. Nature 
immunology 2, 508-514. 
von Andrian, U.H., and Mempel, T.R. (2003). Homing and cellular traffic in lymph 
nodes. Nat Rev Immunol 3, 867-878. 
Vremec, D., Pooley, J., Hochrein, H., Wu, L., and Shortman, K. (2000). CD4 and CD8 
expression by dendritic cell subtypes in mouse thymus and spleen. J Immunol 164, 
2978-2986. 
Wang, H.B., Mo, Q.H., and Yang, Z. (2015). HIV vaccine research: the challenge and 
the way forward. Journal of immunology research 2015, 503978. 
Webb, D.J., Parsons, J.T., and Horwitz, A.F. (2002). Adhesion assembly, disassembly 
and turnover in migrating cells -- over and over and over again. Nat Cell Biol 4, E97-
100. 
Weber, C., Fraemohs, L., and Dejana, E. (2007). The role of junctional adhesion 
molecules in vascular inflammation. Nat Rev Immunol 7, 467-477. 
Weiss, R.A. (2016). Human endogenous retroviruses: friend or foe? APMIS : acta 
pathologica, microbiologica, et immunologica Scandinavica 124, 4-10. 
Welker, R., Kottler, H., Kalbitzer, H.R., and Krausslich, H.G. (1996). Human 
immunodeficiency virus type 1 Nef protein is incorporated into virus particles and 
specifically cleaved by the viral proteinase. Virology 219, 228-236. 




Welsch, S., Keppler, O.T., Habermann, A., Allespach, I., Krijnse-Locker, J., and 
Krausslich, H.G. (2007). HIV-1 buds predominantly at the plasma membrane of 
primary human macrophages. PLoS Pathog 3, e36. 
Weng, J., Krementsov, D.N., Khurana, S., Roy, N.H., and Thali, M. (2009). Formation 
of syncytia is repressed by tetraspanins in human immunodeficiency virus type 1-
producing cells. J Virol 83, 7467-7474. 
Whatmore, A.M., Cook, N., Hall, G.A., Sharpe, S., Rud, E.W., and Cranage, M.P. 
(1995). Repair and evolution of nef in vivo modulates simian immunodeficiency virus 
virulence. J Virol 69, 5117-5123. 
Wildum, S., Schindler, M., Munch, J., and Kirchhoff, F. (2006). Contribution of Vpu, 
Env, and Nef to CD4 down-modulation and resistance of human immunodeficiency 
virus type 1-infected T cells to superinfection. J Virol 80, 8047-8059. 
Willey, R.L., Maldarelli, F., Martin, M.A., and Strebel, K. (1992a). Human 
immunodeficiency virus type 1 Vpu protein induces rapid degradation of CD4. J Virol 
66, 7193-7200. 
Willey, R.L., Maldarelli, F., Martin, M.A., and Strebel, K. (1992b). Human 
immunodeficiency virus type 1 Vpu protein regulates the formation of intracellular 
gp160-CD4 complexes. J Virol 66, 226-234. 
Williams, M., Roeth, J.F., Kasper, M.R., Fleis, R.I., Przybycin, C.G., and Collins, K.L. 
(2002). Direct binding of human immunodeficiency virus type 1 Nef to the major 
histocompatibility complex class I (MHC-I) cytoplasmic tail disrupts MHC-I 
trafficking. J Virol 76, 12173-12184. 
Williams, S.A., Chen, L.F., Kwon, H., Fenard, D., Bisgrove, D., Verdin, E., and 
Greene, W.C. (2004). Prostratin antagonizes HIV latency by activating NF-kappaB. J 
Biol Chem 279, 42008-42017. 
Williams, S.A., Chen, L.F., Kwon, H., Ruiz-Jarabo, C.M., Verdin, E., and Greene, W.C. 
(2006). NF-kappaB p50 promotes HIV latency through HDAC recruitment and 
repression of transcriptional initiation. The EMBO journal 25, 139-149. 
Witte, V., Laffert, B., Gintschel, P., Krautkramer, E., Blume, K., Fackler, O.T., and 
Baur, A.S. (2008). Induction of HIV transcription by Nef involves Lck activation and 
protein kinase C theta raft recruitment leading to activation of ERK1/2 but not NF 
kappa B. J Immunol 181, 8425-8432. 
Wolf, D., Giese, S.I., Witte, V., Krautkramer, E., Trapp, S., Sass, G., Haller, C., Blume, 
K., Fackler, O.T., and Baur, A.S. (2008). Novel (n)PKC kinases phosphorylate Nef for 
increased HIV transcription, replication and perinuclear targeting. Virology 370, 45-54. 
Wolven, A.K., Belmont, L.D., Mahoney, N.M., Almo, S.C., and Drubin, D.G. (2000). 
In vivo importance of actin nucleotide exchange catalyzed by profilin. J Cell Biol 150, 
895-904. 
Wonderlich, E.R., Leonard, J.A., and Collins, K.L. (2011). HIV immune evasion 
disruption of antigen presentation by the HIV Nef protein. Advances in virus research 
80, 103-127. 
Wong, J.K., Hezareh, M., Gunthard, H.F., Havlir, D.V., Ignacio, C.C., Spina, C.A., and 
Richman, D.D. (1997). Recovery of replication-competent HIV despite prolonged 
suppression of plasma viremia. Science (New York, NY) 278, 1291-1295. 




Wright, M.D., Moseley, G.W., and van Spriel, A.B. (2004). Tetraspanin microdomains 
in immune cell signalling and malignant disease. Tissue antigens 64, 533-542. 
Wu, Y., and Marsh, J.W. (2001). Selective transcription and modulation of resting T 
cell activity by preintegrated HIV DNA. Science (New York, NY) 293, 1503-1506. 
Wu, Y., and Marsh, J.W. (2003). Early transcription from nonintegrated DNA in human 
immunodeficiency virus infection. J Virol 77, 10376-10382. 
Wyatt, R., Moore, J., Accola, M., Desjardin, E., Robinson, J., and Sodroski, J. (1995). 
Involvement of the V1/V2 variable loop structure in the exposure of human 
immunodeficiency virus type 1 gp120 epitopes induced by receptor binding. J Virol 69, 
5723-5733. 
Yamashita, T.E., Phair, J.P., Munoz, A., Margolick, J.B., Detels, R., O'Brien, S.J., 
Mellors, J.W., Wolinsky, S.M., and Jacobson, L.P. (2001). Immunologic and virologic 
response to highly active antiretroviral therapy in the Multicenter AIDS Cohort Study. 
Aids 15, 735-746. 
Yanez-Mo, M., Siljander, P.R., Andreu, Z., Zavec, A.B., Borras, F.E., Buzas, E.I., 
Buzas, K., Casal, E., Cappello, F., Carvalho, J., et al. (2015). Biological properties of 
extracellular vesicles and their physiological functions. Journal of extracellular vesicles 
4, 27066. 
Ylisastigui, L., Archin, N.M., Lehrman, G., Bosch, R.J., and Margolis, D.M. (2004). 
Coaxing HIV-1 from resting CD4 T cells: histone deacetylase inhibition allows latent 
viral expression. Aids 18, 1101-1108. 
Young, L.H., Balin, B.J., and Weis, M.T. (2005). Go 6983: a fast acting protein kinase 
C inhibitor that attenuates myocardial ischemia/reperfusion injury. Cardiovascular drug 
reviews 23, 255-272. 
Yu, G., and Felsted, R.L. (1992). Effect of myristoylation on p27 nef subcellular 
distribution and suppression of HIV-LTR transcription. Virology 187, 46-55. 
Yukl, S.A., Boritz, E., Busch, M., Bentsen, C., Chun, T.W., Douek, D., Eisele, E., 
Haase, A., Ho, Y.C., Hutter, G., et al. (2013). Challenges in detecting HIV persistence 
during potentially curative interventions: a study of the Berlin patient. PLoS Pathog 9, 
e1003347. 
Zaitseva, M., Peden, K., and Golding, H. (2003). HIV coreceptors: role of structure, 
posttranslational modifications, and internalization in viral-cell fusion and as targets for 
entry inhibitors. Biochimica et biophysica acta 1614, 51-61. 
Zarbock, A., Ley, K., McEver, R.P., and Hidalgo, A. (2011). Leukocyte ligands for 
endothelial selectins: specialized glycoconjugates that mediate rolling and signaling 
under flow. Blood 118, 6743-6751. 
Zhang, E.Y., Kong, K.F., and Altman, A. (2013). The yin and yang of protein kinase C-
theta (PKCtheta): a novel drug target for selective immunosuppression. Advances in 
pharmacology (San Diego, Calif) 66, 267-312. 
Zhang, F., Wilson, S.J., Landford, W.C., Virgen, B., Gregory, D., Johnson, M.C., 
Munch, J., Kirchhoff, F., Bieniasz, P.D., and Hatziioannou, T. (2009). Nef proteins 
from simian immunodeficiency viruses are tetherin antagonists. Cell Host Microbe 6, 
54-67. 




Zoller, M. (2009). Tetraspanins: push and pull in suppressing and promoting metastasis. 
Nature reviews Cancer 9, 40-55. 
 
